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Abstract
Active Galactiv Nuclei (AGN) and galactic objects like e.g. supernova remnants are
promising candidates for the sources of the high-energy cosmic rays. The detection of high-
energy neutrinos from these objects would be a strong hint for the acceleration of protons or
heavier nuclei. No source of high-energy astrophysical neutrinos has been identified up to
now. From the observation of AGN with TeV γ-rays it is known that their emission is highly
variable. Models predict that also the neutrino emission should show that variability. If time-
dependent neutrino emission would be detected it would be desirable to have simultaneous
data for different messengers (neutrinos and photons) and energy ranges, to learn as much
as possible about the emission mechanism. However, due to the small field of view and the
low duty cycle of the TeV γ instruments, not all interesting sources can be continuously
monitored.
This work describes the development and the first results of a system, that analyses data
of the IceCube neutrino telescope online at the South Pole, in order to send alerts to the
TeV telescopes MAGIC and VERITAS in case a statistically interesting cluster of neutrinos
is detected from an monitored source. This program is termed the Neutrino Triggered
Target of Opportunity program (NToO). The catalog of sources monitored during the first
year of operation contained 109 objects in the northern sky (δ > 0). The system has been
continuously operated since March 2012 and has sent five alerts between May 2012 and
May 2013. One alarm issued on 9 November 2012 resulted in a follow-up observation by
the VERITAS telescopes. No significant TeV-γ flux has been detected. Improvements to the
IceCube online analysis are described that will further improve the sensitivity of the NToO
in the near future.
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Zusammenfassung
Die Kerne aktiver Galaxien (AGNs) und einige galaktische Objekte wie z.B. Supernova-
überreste gelten als vielversprechende Kandidaten für die Quellen der hochenergetischen
kosmischen Strahlung. Der Nachweis der Emission von hochenergetischen Neutrinos von
diesen Objekten wäre ein starker Hinweis für die Beschleunigung von Protonen oder schwere-
ren Kernen. Bisher wurde jedoch keine Punktquelle hochenergetischer Neutrinos identifiziert.
Durch die Beobachtung aktiver galaktischer Kerne mit γ-Strahlung im TeV-Bereich ist
bekannt, dass die Emission von AGNs zeitlich extrem variabel ist. Modelle sagen vorher,
dass auch die Neutrinoemission diese Variabilität aufweist. Um im Falle der Detektion
zeitabhängiger Neutrinoemission von AGNs möglichst viel über den Emissionsmechanis-
mus zu lernen, ist es entscheidend, Daten verschiedener Energiebereiche und Botenteilchen
(Neutrinos und Photonen) zur Verfügung zu haben. Durch das beschränkte Gesichtsfeld und
den geringen Duty-Cycle der TeV-γ Instrumente, können diese jedoch nicht alle potentiell
interessanten Quellen lückenlos überwachen.
Diese Arbeit beschreibt die Entwicklung und die ersten Resultate eines Systems, dass
Daten des Neutrinoteleskops IceCube direkt am Südpol analysiert, um Alarme an die TeV-
Teleskope MAGIC und VERITAS zu senden, falls eine erhöhte Neutrinoemission eines
überwachten Objekts detektiert wird. Der Katalog überwachter Objekte, der im ersten Jahr
dieses Programms aktiv war, umfasste 109 Objekte in der nördlichen Himmelshemisphäre
(δ > 0). Das System befindet sich seit März 2012 kontinuierlich Betrieb und hat von Mai
2012 bis Mai 2013 fünf Alarme generiert. Ein Alarm am 9.November 2012 resultierte
in einer Folgebeobachtung durch die VERITAS-Teleskope. Es wurde kein signifikanter
γ-Fluss im TeV-Bereich detektiert. Weiterhin werden Verbesserungen der IceCube Online-
Analysemethode beschrieben, die die Sensitivität des vorgestellten Programms in naher
Zukunft weiter verbessern werden.
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1. Introduction
Finding the sources of the constant stream of high-energy particle hitting the Earth’s atmosphere,
the so called cosmic rays, has been the defining question of the young field of astroparticle physics.
Reaching energies of up to about 1020 eV their acceleration environments must be among the
most active and violent regions in the universe. As the high-energy component of the cosmic rays
consists of protons and heavier nuclei, the particles are deflected in the inter- and intra-galactic
magnetic fields on their way to Earth. Hence they do not point back to their sources! Other
messengers need to be employed to identify the acceleration environments.
Starting in the 1990’s Imaging Atmospheric Cherenkov Telescopes (IACTs) identified sources
of high-energy γ-rays, reaching energies of up to several TeV. Active Galactic Nuclei (AGN)
are the most abundant class of sources identified by these instruments. One characteristic of the
high-energy γ-radiation from AGNs is their tremendous flux variability of up to one order of
magnitude and time scales ranging from days down to several minutes. However, the observation
of the electromagnetic radiation alone can not constrain the environmental conditions enough
to explain the acceleration process. Competing models invoking either leptonic or hadronic
acceleration processes often fit to the observational evidence equally well. However, neutrinos of
high energies (> TeV) are produced in sizeable numbers only in environments where hadronic
acceleration takes places. Hence the detection of neutrino point sources would greatly aid in
identifying the sources of the cosmic rays!
The detection of high-energy neutrinos from an astrophysical object would prove that hadrons
are accelerated to very high energies in the object. However, we will learn the most about the
acceleration environment by combining observations using different messengers (the so-called
multi-messenger approach). The IceCube Neutrino Observatory is the worlds biggest and most
sensitive high-energy neutrino telescope. After its completion in 2011 it has reached a sensitivity
that would allow it to detect the flares of very active objects in their highest flux states (like the
AGNs Markarian 421 and Markarian 501), assuming that the neutrino flux is comparable to the
γ-ray flux. Offline searches for time-dependent fluxes with the IceCube detector are performed
since several years. In the case a source is detected by these means, the possibility to combine the
neutrino data and the high-energy γ-ray observations is most likely lost. Cherenkov telescopes
have a small field of view of only several square-degrees and a small duty cycle (∼ 10%). To
solve this problem, a target of opportunity program based on an online analysis of the neutrino
data could alert TeV instruments and ensure that follow-up observations of potential neutrino
flares are performed. A program based on this idea was tested in 2006 by the AMANDA neutrino
telescope in collaboration with the MAGIC observatory (see [ABG+08]). The program presented
in this work is an evolution of this idea. A list of target sources is continuously monitored for
statistically significant clusters of neutrinos in an online neutrino analysis directly at the South
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Pole. If a potentially flaring source is identified a request for a γ-ray follow-up observation is
sent to the partner experiments MAGIC and VERITAS.
The combination of neutrino data with γ-ray observations does not only increase the chance of
understanding the source characteristics but might also increase the statistical significance of the
neutrino observations. The detection of high-energy neutrinos is very challenging due to their
small cross section and the unavoidable background of atmospheric neutrinos. The detection of
TeV γ-ray flare in coincidence with a marginally significant cluster of neutrinos could also help
to establish the discovery of a neutrino point source.
The Neutrino Triggered Target of Opportunity (NToO) presented in this work provides the unique
opportunity to obtain valuable data on sources of high-energy neutrinos in their high flux state,
simultaneously with a neutrino instrument and high-energy γ-rays.
2
2. High-Energy Astroparticle Physics
This chapter gives an introduction into the field of high-energy astroparticle physics. Section 2.1
introduces the high-energy cosmic rays, their discovery, their spectrum and possible acceleration
mechanisms. The special properties of photons and neutrinos as cosmic messengers are briefly
discussed in Sec. 2.2. Active Galactic Nuclei and their high-energy emissions are then described
in Sec. 2.3. Other sources of high-energy radiation are briefly presented in Sec. 2.4. Finally,
Imaging Atmospheric Cherenkov Telescopes, an important class of instruments for the detection
of high-energy γ-rays, are introduced in Sec. 2.5.
2.1. High-Energy Cosmic Rays
2.1.1. Energy Spectrum
In 1912 the Austrian physicist Victor F. Hess discovered during balloon flights that the electrical
conductivity of the atmosphere increases above an altitude of 1000m until at an altitude of 5000m
it reaches several times the value measured at ground [Hes65]. Hess’s explanation was that “a
radiation of very high penetrating power enters the atmosphere from above”, causing ionization.
For this discovery he was awarded the Nobel Prize in Physics in 1936. The term “cosmic rays” for
these particles impinging on the atmosphere was coined by Robert A. Millikan and was quickly
adopted in the scientific community. Coincidence measurements carried out by Pierre Auger in
1938 showed that cosmic rays can produce particle showers in the atmosphere (see [AEM+39]),
proving that they can reach energies above 106 GeV. During the century that passed since Hess’s
discovery, a lot of measurements were performed improving our understanding of cosmic rays.
The spectrum of particles hitting the Earth’s atmosphere extends over a very wide range of energy
(see Fig. 2.1). Particles with an energy somewhat more than 1020 eV have been observed [Hil06].
For energies below 105 GeV the cosmic ray flux is strong enough to be analyzed with sophisticated
detectors aboard balloons and satellites. Therefore, its composition can be easily measured
directly in that energy range. The deduced relative element abundances are similar to their general
occurrence in the universe with the exception of hydrogen and helium [Sta03]. Non-hadronic
particles (electrons, positrons and photons) only represent a very small fraction of the primary
cosmic ray flux. In this work the term cosmic rays will be used for the hadronic component
only. At higher energies (above 105 GeV) ground based experiments, relying on the observation
of the induced air showers, only give indirect measurements of the cosmic ray composition. A
further complication for the measurement of the primary cosmic ray composition is the limited
knowledge of hadron cross sections above 106 GeV, as these have to be extrapolated from lower
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energy accelerator measurements. These cross sections, however, are important to understand the
air shower development in detail. The knowledge about high-energy hadron cross sections will
be greatly improved by the LHC experiments LHCf [Tri12] and TOTEM [Lf09, TAA+12].
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Figure 2.1.: Measurements of the energy spectrum of primary cosmic rays up to energies of
109 GeV. Plot taken from [Hil06], assembled by T. Gaisser. The flux has been
multiplied by E2 in order to make small features better visible.
Ever since the discovery of high-energy cosmic rays, scientists also tried to understand the shape
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of the cosmic ray energy spectrum. Between about 10GeV primary energy up to about 1015.5 eV
the flux can be parametrized by a pure power law with dN/dE ∝ E−2.7. This implies that the
flux in every decade of energy is about a factor of 50 lower than in the decade before. Above
1015.5 eV the spectrum steepens a little to dN/dE ∝ E−3.0 for three decades in energy. This
change in the slope is termed the “knee”. The spectrum flattens again to dN/dE ∝ E−2.7 at an
energy of about 1018.5 eV (termed the “ankle”). At an energy somewhat above 1020 eV the flux
then becomes too low to be measured. It has been argued, that the “knee” of the cosmic ray
spectrum marks the transition point from galactic sources to extragalactic ones. Hillas, however,
refutes that and claims the spectrum might be a superposition of different sources already at
lower energies [Hil06]. There are several experimental hints that the “knee” is caused by a
charge-dependent cutoff in the maximum energy of accelerated particles (see [Hoe12] for a
summary).
For a more detailed analysis of the cosmic ray spectrum see [Gai04] and [Sta03].
GZK Effect Shortly after the discovery of the 2.7K cosmic microwave background radiation
by Penzias and Wilson in 1965 [PW65], Kuzmin, Zatsepin [ZK66] and Greisen [Gre66] predicted
that the cosmic ray spectrum would end just below 1020 eV because the high-energy nuclei would
interact with the photons of the microwave background via the Δ-resonance and thus loose energy
during their propagation. This feature of the cosmic ray spectrum is called the Greisen-Zatsepin-
Kuzmin (GZK) cutoff. It is especially important for neutrino experiments as it is a guaranteed
source of a diffuse high-energy neutrino flux through the decay of the Δ-resonance:
p + γ → Δ+
→ n + π+
→ n + νμ + μ+
→ n + νμ + ν¯μ + νe + e+ . (2.1)
Due to the GZK effect the range of a particle with an energy of 1020 eV is approximately
13Mpc [Sta03]. Hypothetical sources that produce particles with energies larger than 1020 eV
therefore have to be located in the local galaxy cluster to be detectable. The Pierre Auger Collab-
oration has recently reported on a strong suppression of the cosmic ray flux above 4 × 1019 eV
that could be interpreted as the GZK cutoff [CP11].
Source Identification Charged particles propagating through the universe are deflected by
inter- and intra-galactic magnetic fields. Therefore, their reconstructed arrival directions do not
point back to their sources. However, at the highest energies (above a few tens of EeV), for
nearby sources (closer than a few tens of Mpc) the deflection in the magnetic fields becomes so
small, that clustering of events around sources can be reported. This clustering has been detected
by the Pierre Auger Observatory (see [PAA+07, PAA+08a, Pie08]). The available statistics does
not yet allow the identification of individual extragalactic sources.
At lower energies, where galactic sources are believed to dominate the spectrum, sources can
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not be identified using the cosmic rays themselves. However, secondary particles (photons and
neutrinos) produced in the acceleration process, could be used to pinpoint the galactic sources.
Recently the Fermi collaboration reported the clear identification of π0-decay signatures in two
supernova remnants (SNRs), IC 443 and W44 [AAA+13d]. The existence of high-energy pions
is a proof of hadronic acceleration in these sources (see Sec. 2.3.5). This further strengthens the
argument that SNRs are the sources of the galactic cosmic-ray component.
The detection of high-energy neutrinos from an astrophysical object would unambiguously prove
that hadrons are accelerated to very high energies in that environment. Thus neutrinos are
critically important to identify the sources of high-energy cosmic rays.
2.1.2. Air Showers
High-energy particles hitting Earth’s atmosphere will initiate a reaction (either electromagnetic or
hadronic) in the upper layers of the atmosphere, sharing their energies between these secondary
particles. The produced particles are going to react or decay themselves, giving rise to further
particles. The developing particle cascades are called cosmic-ray air showers. Their development
is a very complex interplay of hadronic and electromagnetic reactions and decay processes in an
inhomogeneous medium. A fully analytical description of these showers is thus not possible, and
one often has to rely on Monte Carlo simulations to model them. Cosmic ray air showers are,
however, of special interest for neutrino experiments as the neutrino and muon components of
these showers form the major background for a search for cosmogenic neutrinos.
Muons are the most penetrating component of cosmic-ray air showers. They are mainly produced
in the decay of charged pions and kaons. The decay of mesons containing charm quarks plays
only a minor, but not yet fully understood role [RNTN07]. Therefore their decay contributes to
the systematic uncertainty in the search for a diffuse high-energy astrophysical neutrino flux (see
e.g. [AAA+11a]).
Charged pions can either decay weakly via
π± → μ± + νμ/ν¯μ
→ e± + νe/ν¯e + νμ/ν¯μ (2.2)
or undergo further hadronic interactions. The decay length of the pion is given by ld = γπ± ·780 cm
with γ being the Lorentz factor. Therefore, high-energy pions almost exclusively interact, as
their decay length becomes large due to their γ-factor. Low-energy pions decay into muons and
neutrinos. The probability for a decay also depends on the altitude as an interaction is much more
likely in denser, lower regions of the atmosphere. Interacting charged pions give rise to pions
with lower energies. This process continues until the energies involved are so low, that almost
all particles decay. The photons produced in the decay of neutral pions initiate electromagnetic
sub-showers. The resulting atmospheric muon flux at sea level as a function of the zenith angle θ
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can then be approximated by
dNμ
dEμ
≈ 0.14 E
−2.7
cm s sr GeV
⎛⎜⎜⎜⎜⎜⎜⎝ 1
1 + 1.1Eμ cos θ115GeV
+
0.054
1 + 1.1Eμ cos θ850GeV
⎞⎟⎟⎟⎟⎟⎟⎠ (2.3)
for muons with Eμ > 100GeV/ cos θ [BAB+12]. The two terms represent the contribution from
kaon and pion decay, respectively. Equation 2.3 ignores the contribution from charm decay and
heavier flavors which only contribute significantly at the highest energies (> 106 GeV). Further
details on the development of cosmic ray air showers can be found in [Sta03].
Monte Carlo simulations and analytical calculations show that the number of high-energy muons
from a single cosmic ray air shower in an underground detector is almost Poissonian but has
a long tail [Gai04]. These quasi-parallel muons (a so-called muon bundle) can mimic a single
muon of higher energy. Muon bundles form a major background for the search for high-energy
neutrinos above the horizon (with primary energies above ∼ 1 PeV).
Using the Earth as a filter by looking for upward-going events it is possible to reduce the
background of misreconstructed down-going atmospheric muons to a negligible level. The flux
of atmospheric neutrinos (see Fig. 2.2) from cosmic ray air showers forms the background in
such a search for astrophysical neutrinos in neutrino telescopes.
2.1.3. The Origin of Cosmic Rays
What are the astrophysical environments that produce the observed cosmic rays with extremely
high energies? This is the fundamental question in cosmic ray physics that is still unanswered to
date. Even more puzzling is the simple power law which describes cosmic rays over an extremely
wide range of energies. In order to speculate on possible sources of origin of high-energy
cosmic rays it is first necessary to understand what physical mechanisms could accelerate charged
particles to these energies.
This section is only going to discuss so-called bottom-up scenarios where charged particles are
accelerated to the high energies that have been observed. Alternative top-down scenarios also
exist, where the high-energy particles originate from the decay of super-heavy exotic particles.
These models, however, require extensions to the Standard Model of particle physics and are
severely constrained by measurements [PAA+08b].
Fermi Acceleration
One proposed acceleration mechanism for charged particles in astrophysical environments is the
so-called Fermi acceleration [Fer49]. Two variants of this mechanism exist, first- and second-
order Fermi acceleration, termed after the dependence of the acceleration efficiency on the
velocity (β = v/c) of the involved accelerating medium (e.g. a shock front or a moving interstellar
cloud). Other proposed acceleration mechanisms involve for example the strong electric and
magnetic fields close to the surface of pulsars.
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Figure 2.2.: Atmospheric muon neutrino energy spectrum. The error bars show the νμ + ν¯μ
energy spectrum measured with the IceCube detector in its 40-string configuration
averaged over the zenith region from 97° to 180° [AAA+11b]. The shaded area
depicts the sum of theoretical predictions for the conventional (see [HKK+07]) and
prompt (see [ERS08]) νμ + ν¯μ flux averaged over the zenith region from 90° to 180°.
The theoretical uncertainty in this plot stems entirely from the uncertainty on the
prompt flux component. The uncertainty does, however, not include the uncertainties
from the primary cosmic ray spectrum and composition which may be a factor of 2
or more [Gai12].
Second-order Fermi Acceleration Second order Fermi acceleration takes place, when
charged particles are scattered on moving interstellar magnetized plasma clouds. As the di-
rections of the movement of the clouds are randomly distributed, this process is very inefficient
and thus probably not the source of high-energy cosmic radiation. It has, however, been argued
that second order Fermi acceleration might play a role in the further acceleration of high-energy
particles from other sources (e.g. supernova remnants) [NOP07].
First-order Fermi Acceleration Fermi acceleration of first order happens at shock fronts,
e.g. resulting from supernova explosions or in jets of Active Galactic Nuclei (see Sec. 2.3). The
scenario is depicted in Fig. 2.3.
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Figure 2.3.: First-order Fermi acceleration in the rest-frame of the unshocked gas. The shock
front moves with velocity u, the shocked gas behind the front with v, where |v| < |u|.
The energy gain per crossing ΔE of a particle with energy E can be written as:
ΔE
E
≈ β = 3
4
u . (2.4)
Provided that a magnetic field exists on both sides of the shock region the particle can be
rescattered and cross the shock boundary multiple times. If a constant escape probability P is
assumed the resulting energy spectrum is given by
dN
dE
=
dN
dE
(E0) ·
(
E
E0
)1+ln P/ ln (1+ 34 uc )
=
dN
dE
(E0) ·
(
E
E0
)α
. (2.5)
Making additional, realistic, assumptions on the input spectrum
dN
dE
(E0) it can be shown that the
resulting energy spectrum has a spectral index α ≈ −2.2 · · · − 2.0. This is compatible with the
observed cosmic ray spectral index of α = −2.7 if the energy loss in the interstellar medium is
taken into account.
Several astrophysical environments exist that could provide suitable conditions for first-order
Fermi acceleration. Shock fronts are present e.g. in supernova remnants (SNRs), gamma-ray
bursts (GRBs), active galactic nuclei (AGNs) and micro-quasars.
Supernova remnants have been shown to be very effective particle accelerators by observing their
TeV γ-emissions (see e.g. [AAA+04]). Considerations of the total power output of all supernovae
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in our galaxy in comparison to the cosmic ray energy density show that supernova remnants
may be the major source of cosmic rays with galactic origin [GS64, Aha04]. Recently the Fermi
Gamma-ray Space Telescope showed evidence that π0-decay is responsible for the gamma-ray
spectrum of two SNRs (IC 443 and W44) thereby proving that these objects accelerate protons to
very high energies [TA+13].
Figure 2.4.: Hillas plot, showing for different astrophysical environments, their typical sizes
(x-axis) and magnetic fields (y-axis). The maximum energy to which a particle of
charge z can be accelerated in this environment can be calculated using Eq. 2.6.
The three lines highlight the regions that can accelerate protons to 1021 eV (dash-
dotted line), protons to 1020 eV (dashed line) or iron nuclei to 1020 eV (dotted
line). All astrophysical environments with bigger dimensions or higher magnetic
field than marked by the respective line provide the conditions to achieve that
acceleration. The plot shows that AGNs are prime candidates for the acceleration
of ultra high-energy cosmic rays (e.g. in their nuclei or in hot spots in the jets) and
thus are also favored environments for extragalactic neutrino production. Plot taken
from [Pan11], data from [BEH09]
Hillas Condition
In order to estimate the maximum energy to which a particle can be accelerated in a certain
astrophysical environment a simple model can be employed. A particle with energy E and charge
z in a homogeneous magnetic field B moves with a gyro-radius Rgyro = E/Bz . Therefore, the
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particle can be accelerated to a maximum energy
Emax = zBR (2.6)
in a region of size R before its gyroradius becomes too big to be confined in the magnetic field.
This equation is called the Hillas condition. Using typical values and estimates for the magnetic
field and the size of the acceleration region, the so-called Hillas plot (see Fig. 2.4) is obtained. It
shows the maximum energy a particle can reach in different astrophysical environments.
2.2. High-Energy Radiation from Cosmic Objects
2.2.1. Photons as Cosmic Messengers
In comparison to charged cosmic rays, photons have the advantage to point back to their source
as they are not deflected by magnetic fields. In environments that accelerate protons and heavier
nuclei to very high energies also a considerable flux of high-energy photons could be produced.
This connection between the primary cosmic ray flux and high-energy photons is discussed in
more detail in Sec. 2.3.5 in the light of hadronic emission models for Active Galactic Nuclei.
Therefore, high-energy photons could be a prime messenger to search for the sources of high-
energy cosmic rays. In the past years a multitude of discoveries was made with a new generation
of Cherenkov telescopes. However, for photon energies above several hundred GeV the cosmos
becomes less transparent1. Photons with these energies can be lost via a reaction with the
Extragalactic Background Light (EBL)
γHE + γBackground → e+ + e− . (2.7)
This reaction absorbs photons from TeV γ-ray sources. The resulting attenuation of TeV γ-
rays can be used to measure and constrain the amount of Extragalactic Background Light
(see [AAB+06b, MR07]). Up to now no extragalactic photons with energies above 1013 eV have
been detected, higher energies would only be observable for nearby objects [NS02]. Therefore,
EBL absorption can put a strong limit on the exploration of extragalactic objects with very
high-energy γ-rays. On the other hand, the observation of high-energy γ-rays can also be used to
constrain the EBL. Nearby objects, although not strongly influenced by photon absorption on
the EBL, might be too dense to allow high-energy photons to escape or the photons might be
reabsorbed in interstellar clouds on their way to Earth.
1Several models exist, that predict a conversion of photons into a hypothetical light, weakly interacting particle, called
the axion. This particle is postulated to solve the strong CP problem. As it does not interact via the electromagnetic
force it could, like the neutrino, travel large distances in the universe without absorption. In order to be detected at
the Earth the axion would need to convert back into a photon.
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2.2.2. Neutrinos as Cosmic Messengers
Neutrinos have several unique properties that make them suited as cosmic messengers. As they
interact only via the weak force they are not influenced by inter- or intragalactic magnetic fields
and therefore point back to their origin. Their very small cross section with matter enables them
to escape very dense astrophysical environments, where e.g. photons can be trapped. The small
neutrino interaction cross section, however, also makes neutrinos hard to detect. To facilitate
neutrino detection, huge detection volumes are required (see 4). This great effort is justified as
neutrinos allow to answer questions that can hardly be answered by other means. As neutrinos
in non-negligible amounts can only be produced by hadronic interactions a neutrino detection
from a cosmic object would unquestionably prove that protons are accelerated at this source (see
Sec. 2.3.5). It is important to note that in addition to the neutrino flux also high-energy photons
are produced in hadronic emission models. Depending on the production environment these
photons can escape and could be detected at the Earth. This tight linkage between high-energy
neutrinos and photons is the prime motivator for the multi-messenger approach applied in this
work.
2.3. Active Galactic Nuclei
Active Galactic Nuclei (AGN) are located at the center of a specific type of galaxy. About 3% of
all galaxies are classified as active. Their main feature is a very strong electromagnetic emission
over a very wide range of frequencies from radio to TeV γ-rays. These galaxies are the most
luminous persistent sources of electromagnetic radiation in the universe. The driving engine of
these emissions is believed to be a massive black hole in the center of the galaxy. The accretion
of matter onto this black hole is a very effective process to convert matter into energy and is thus
able to power the strong emissions.
Active Galactic Nuclei are prime candidates to be the source of ultra high-energy cosmic rays
with energies above 1015 eV as they fulfill the Hillas condition (see Sec. 2.1.3) and exist within
the GZK horizon (see Sec. 2.1.1). Thus these objects are also of very high interest to neutrino
telescopes.
Active Galactic Nuclei have several key components, though not all of them are present in every
AGN:
• a massive central black hole (106 < MBH/M < 109)
• an accretion disk
• jets on one or both sides of the accretion disc
• a broad-line emission region
• a narrow-line emission region
• a molecular/dust torus around the central region
Almost all AGNs where the host galaxy could be resolved are housed by large elliptical galaxies.
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In the following section the characteristic features of AGNs and their connections to AGN models
are described. It follows mainly the overviews given in [RB07] and [Lon11].
2.3.1. Classification
AGNs show a very large variety of phenomena, from low energy radio emissions with photon
energies <10−6 eV to high energy γ-ray emission with photon energies >1 TeV. As it is hard to
obtain full spectral coverage, the classification of Active Galactic Nuclei in one frequency range
often does not agree with the classification in another one. However, several identifiable classes
exist that will be described shortly.
Quasars
Quasars (Quasi Stellar Radio Sources) were the first type of Active Galactic Nuclei identified.
They show a featureless spectrum with an ultraviolet excess, outshining their host galaxy. About
10% of all quasars are radio loud (ratio of fluxes at f = 5GHz and the optical B band F5/FB 
10). All quasars show a strong flux variability over the full spectrum. Their total power output
reaches from 1046 erg s−1 to 1049 erg s−1.
The object 3C 273 was the first identified quasar in 1962. It was observed as a point-like radio
source. After the precise determination of its position with the Lunar occultation technique
(see [Haz76]), an optical counterpart could be identified [HMS63]. Its spectrum showed a
redshift of 0.158 which proved that the source was located outside of the Milky Way. It has been
estimated that more than 106 quasars exist in the universe [PMY+12].
Radio galaxies
Radio galaxies are unusually radio-bright galaxies with luminosities Lradio ≥ 3 × 1041 erg s−1.
They are in most cases identified as large elliptical galaxies. The source of the radio emission
might be either the nucleus of the galaxy or two areas displaced several kpc from the nucleus
perpendicular to the galactic disc, the so-called radio lobes. In a lot of cases jets of highly
ionized plasma connect the lobes to the nucleus. Depending on the position of the highest radio
emission, radio galaxies are divided into two classes named after B. L. Fanaroff and J. M. Riley
(see [FR74]):
• Fanaroff-Riley type I, which is brightest close to the center of the galaxy. The spectrum is
also harder in the center than closer to lobes. This type is generally more powerful than
Fanaroff-Riley type II galaxies.
• Fanaroff-Riley type II, which have their highest brightness in the jets connecting the galaxy
to the radio lobes. Often the jets show bright spots with elevated emission, so-called hot
spots.
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Seyfert Galaxies
Seyfert galaxies are radio-quiet spiral galaxies with very bright cores showing emission lines
from highly ionized atoms. The temperatures to achieve that degree of ionization can not be
reached in star atmospheres. Some Seyfert galaxies are in the process of merging with another
galaxy and a significant fraction seems to be interacting with a close companion. The brightest
Seyfert galaxies achieve a brightness comparable to weak quasars.
Blazars
Blazars are the type of AGN that has been observed most numerously up to the highest energies.
They show a very high radio brightness, a flat radio spectrum and a mainly featureless, non-
thermal optical spectrum with a high degree of polarization [RB07]. Furthermore they exhibit
high X-ray and γ-ray brightness. Fluxes in all wavelength show fast variability. Two subclasses
of blazars are usually distinguished:
• Flat Spectrum Radio Quasars (FSRQs), that show strong, broad emission lines and
• BL Lac objects, that show a featureless optical spectrum.
2.3.2. Phenomena
Central Black Hole
The central black hole of an AGN has a mass MBH in the range of 106 < MBH/M < 109 and
therefore a Schwarzschild radius RS of 6R < RS < 6 · 103R. Interestingly, the mass of the black
hole is not correlated to the luminosity of the host galaxy or the radio loudness of the AGN. It
could, however, be shown that the velocity dispersion of central stars and the bulge luminosity
provide good approximations of the black hole mass. The spin of the black hole is believed to be
connected to the production of jets (see below).
The accretion rate of a black hole is limited by the Eddington limit, which is reached when the
radiation pressure from the heated infalling matter balances the gravitational force of the Black
Hole. That maximum luminosity is given by
LEdd ≈ 3 · 1013
(
MBH
109M
L
)
(2.8)
under the assumption that the infalling matter consists purely of ionized hydrogen gas and the
thermal radiation is emitted isotropically. Assuming a conversion efficiency of matter to radiated
energy of L
M˙c2
= 0.1 (see [Tho74]), the mass inflow required to sustain the Eddington luminosity
can be written as
M˙Edd ≈ 22
(
MBH
109M
)
M yr−1 . (2.9)
14
2.3 Active Galactic Nuclei
This shows that even the brightest quasars, with a power output of 1048 erg s−1 and a mass
MBH = O(109M), can be powered with the accretion of only a few tens of solar masses
(1 Mc2 = 1.8 · 1054 erg) per year!
Accretion Disk
The accretion of gas onto the black hole leads to the formation of a rotating, geometrically thin,
optically thick disk of hot material (several 103 K). The angular momentum transport in outward
direction leads to velocity dispersion between different disc radii which heats the disk. It is
interesting to note that the mass of the central black hole and the temperature of the accretion
disk are inversely correlated (T ∼ M−1/4BH ). This leads to the effect that e.g. micro quasars (neutron
stars in our Milky Way that accrete matter from an accompanying massive object) are brightest
in X-ray energies whereas AGNs are brightest in blue or UV frequencies (the so-called “big
blue bump” in the AGN spectrum). The thermal spectrum of the disk is very broad as the disk
temperature decreases with increasing distance to the black hole. The plasma in the accretion
disk is accompanied by a confined magnetic field. An overview over the physics of accretion
discs is given in [Pri81] and [FKR92].
Jets
Approximately 10% of all AGNs show a collimated outflow of highly energetic plasma from
their center with a high bulk Lorentz factor (up to 30). That outflow can be stable over distances
of up to 100 kpc. Depending on the angle under which the jet is observed it can appear to move
superluminally. This, however, is just a geometrical effect. The mechanism of the formation
and acceleration of jets are not entirely understood (see e.g. [CR+04a]). Two different classes
of models are generally discussed. The first class of models invokes complex magnetohydrody-
namics in the accretion disc alone, whereas the second class is based on the interaction of the
magnetic fields confined in the accretion disc with the angular momentum of the black hole (see
e.g. [Mei03]).
The observation of polarized synchrotron emission from the jets implies the presence of free
electrons and an ordered magnetic field. When the jet develops it sweeps up gas from the
surrounding medium and a shock develops. This could provide the conditions suitable for the
acceleration of particles to very high energies via the mechanism of Fermi acceleration (see
Sec. 2.1.3).
Connected to the phenomenon of the jets are the so-called “radio lobes”, large, roughly symmet-
rical volumes often at the end of both jets that are very prominent on radio maps. Some lobes
also show spots of elevated emission (“hot spots”) at their boundaries [Urr94]. Observations
with the Chandra satellite show correlated variation of the X-ray and radio emission from the
jets [HLK+11]. This implies that the emission in both wave bands is produced by the same
underlying mechanism which is believed to be synchrotron emission from the high energy elec-
trons (responsible for the radio emission) and photons that gained energy from these high energy
electrons through inverse Compton scattering [RB07].
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Broad Line Region
Very broad, permitted emission lines can be observed in the optical spectra of Seyfert I galaxies
and quasars. Their most likely source are gas clouds orbiting the central region whose atoms
are photo-ionized by the central continuum emission from the accretion disc. In many Seyfert
galaxies a correlation of the central continuum emission with the broad line emission could
be observed. As the line widths are too big to be of thermal origin they must be caused by
Doppler broadening due to movement of the gas clouds in the central potential. This implies
cloud velocities of up to 104 km/s.
Narrow Line Region
In addition to the broad emission lines also narrow lines can be observed in AGN spectra. They
are caused by so-called forbidden transitions and thus originate from a collisionless gas with
a low density (102 − 104 cm−3). The collisionless environment allows sufficient population
of the long-lived source energy levels in order to make these strongly suppressed transitions
detectable. The thermal broadening of the lines indicates gas temperatures of 10 000 to 25 000K.
The morphology of this narrow-line emission regions is asymmetric, it is mostly observed in two
cones perpendicular to the accretion disk.
Molecular Torus
Quasar spectra often show a bump in the infrared part of the spectrum that originates from the
thermal emission of a molecular or dust torus around the central region. From the spectrum a
temperature of 20 to 80K can be inferred. The matter in the torus absorbs high energy radiation
from the central region and re-emits it as infrared light.
2.3.3. Unified Models
Unified AGN models try to explain the different observational characteristics with different
viewing angles on the AGN. The claim is, that intrinsically all AGNs are similar but appear
different depending on what components are visible.
The distinction between Seyfert I and II galaxies from optical and infrared observations is
explained by the viewing angle on the molecular torus. If the torus is observed from the side it
obscures the high-energy emission from the nucleus. Therefore these galaxies appear much less
luminous in X-rays.
Similarly the different characteristics of AGNs in the radio band can be explained by the observers
line of sight with respect to the jet. In quasars the jet is close to the line of sight and the resulting
relativistic beaming leads to an elevated high-energy flux. Non-quasar radio galaxies, on the other
hand, have a jet that lies in the plane of the sky and are therefore less luminous radio emitters.
The general radio loudness is connected to the magnitude of the spin of the central black hole.
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Galaxies that contain a faster spinning Black Hole are louder than slower spinning ones as they
have stronger jets.
The canonical picture of a blazar is that the jet is seen head on. Therefore, the strongly boosted
radiation from the jet obscures all other features of the galaxy. Blazar fluxes show a very fast
variability due to changes in Doppler factor (γ ∼ 10) of the jet caused e.g. by density variations
in the intergalactic medium that the jet moves through.
A first unified model of the diverse AGN phenomena was proposed in [UP95]. Figure 2.5 shows
the different AGN components and their visibility under different viewing angles in the current
unified AGN schema.
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Figure 2.5.: Unified model of active galactic nuclei (AGN). The electromagnetic emissions
observed from these objects depend on the orientation of our line of sight to the jet
and the accretion disk of the super-massive black hole in the AGN center. Plot taken
from [Ack07].
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2.3.4. Cosmological Importance
It is generally believed that the energy dumped into the intergalactic medium by AGNs had a big
impact on the structure formation in the universe. The heating of the intergalactic gas slowed the
growth of very large scale structures.
As quasars are observable up to very high redshifts they are a very useful tool for cosmological
studies. Their emitted light passes through hydrogen clouds at different redshifts on its way to
Earth. Each such cloud absorbs light in a different part of the spectrum due to their different
redshifts. Thus the same absorption lines from the Hydrogen Lyman-α series shows up multiple
times (the so-called Lyman-α forest). From the presence of certain lines, of their width and
strength, the distribution of hydrogen gas and the degree of its ionization over the history of the
universe can be inferred.
2.3.5. High-Energy Emission from AGNs
Active Galactic Nuclei where among the first objects detected with Imaging Air Cherenkov
Telescopes. The closest known blazar, Markarian 421 (at a redshift of z = 0.03), was detected by
the Whipple telescope in 1992 [PAC+92]. Subsequently the flux measured from Markarian 421
showed very strong variability down to timescales of several minutes (see e.g. [G+96]). A
long term TeV light curve of this object is shown in Fig. 2.6. The extremely fast variability
requires a very compact emission region and significant Doppler boosting. Other AGNs that were
discovered later show similar flux variability (e.g. PKS 2155-304 [AAB+07], M 87 [AAA+12e]
and Markarian 501 [AAA+07b, BBB+12]), though none has been covered as extensively as
Markarian 421.
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Figure 2.6.: Markarian 421 longterm TeV light curve. Plot taken from [TBS+10].
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Figure 2.7.: Spectral energy distributions and fit of leptonic and hadronic emission models for
four different subclasses of blazars. Fig. a) shows the FSQR 3C279, the lines depict
single-zone leptonic models fitted to the SED in different flux states. Fig. b) shows
the low-frequency peaked BL Lac, Fig. c) shows the intermediate-frequency peaked
BL Lac 3C66A and Fig. d) the high-frequency peaked BL Lac RGB J0710+591. In
Figures b), c) and d) the red line shows a fit of a single-zone leptonic model, green
lines show a fit of a single-zone lepto-hadronic model to the data. Figure taken
from [Böt12].
The spectral energy distributions (SEDs) of AGNs consist of two broad components (see Fig. 2.7).
The low-energy peak, in the radio-UV or X-ray energy range, is generally believed to be caused
by synchrotron radiation of relativistic electrons. The high-energy peak, whose origin is still
debated, ranges from X-ray to TeV energies. The fact that the inferred isotropic luminosities
for the high-energy emission would be extremely high, together with the very fast high-energy
variability suggests that the emission originates from the relativistic jet that is closely alligned
with our line of sight [BRZ13]. If the jet with a velocity β = v/c is oriented with an angle θobs
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with respect to our line of sight this results in a Doppler boosting with a Doppler factor
D =
√
1 − β2
1 − β cos θobs . (2.10)
It is important to note that the observed flux density S f is boosted according to
S f = D3S ′f (2.11)
where S ′f is the flux density in the co-moving frame [RB07]. Hence reasonable jet velocities lead
to a very strong boosting of the observed flux (e.g. D 	 10 for β = 0.98 and θobs = 1◦).
Two different classes of models have been put forward to explain the observed spectral energy
distributions. The first class of models, so-called leponic models, assumes that the emission
originates from high energy electrons and their interaction with either self-generated synchrotron
radiation or the surrounding radiation field. The second class of models are hadronic models
that try to explain the observed spectral features with the interaction of high energy protons or
neutrons with the surrounding radiation field (photo-hadronic models) or ambient matter. As
hadron interactions (e.g. via decay of π±) also produce electrons and positrons, a full description
must consider also these leptonic processes, at least if the acceleration and target region are
identical [Rei12]. Thus hadronic models are actually lepto-hadronic models. Historically,
however, the name hadronic model is more frequently used.
Leptonic Models
In leptonic AGN emission models the observed radiation over the entire SED is dominated by
leptons (electrons and positrons). Any protons that might be present in the jet are not energetic
enough to contribute significantly to the radiative output. The low-energy peak is explained by
non-thermal synchrotron radiation of the accelerated electrons. The high energy photons in the
second bump in the SED originate from Compton scattering of either the synchrotron photons on
the accelerated electrons (so-called synchrotron self-Compton radiation) or external photons on
the electron population. Possible external target photons could come from the accretions disk
radiation, the broad line region (i.e. reprocessed radiation from the accretion disk) and infrared
radiation from the molecular torus.
Observed flares from BL Lac objects (e.g. Markarian 421 and Markarian 501) show acceleration
of particles to tens of TeV within a couple of minutes. The fast evolution of these flares can
usually be best described with synchrotron self-Compton models. The fast cooling times of
the accelerated electrons due to synchrotron radiation allow for a quick rise and fall of the flux
level. In a simple single zone synchrotron self-Compton model a clear correlation between the
synchrotron photons and the high-energy photons would be expected.
Flat spectrum radio quasars (FSRQs), on the other hand, show flux variations on the timescales
of hours, with peak energies in the 10 to 100GeV range. Models used to describe their emission
usually employ an additional external Compton component in addition to the synchrotron self-
Compton emission.
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Hadronic Models
In the hadronic models protons in addition to electrons are accelerated to ultrarelativistic energies.
While the low-energy peak in the SED is also believed to be due to synchrotron radiation from
the primary electrons, the high-energy component is dominated by proton synchrotron radiation,
photons from π0 decay, synchrotron and Comptom emission from charged meson decay products
and electromagnetic cascades due to γγ pair production [BRZ13].
One particular hint for hadronic emission are flares that are observed in the TeV energy range
but are not accompanied by an X-ray outburst as would be expected in a purely leptonic model.
These so-called “orphan” flares have been observed e.g. from 1ES 1959+650 on 4 June 2002
(see [KHH+04, DBB+05, TKH03]). Explaining these flares with either hadronic or leptonic
acceleration models is challenging, but harder for leptonic models [RBP05, KT06].
Modelling of blazar SEDs with leptonic models also shows that the total energy in pairs and
magnetic field is much less than the radiative power in the comoving frame (Lrad/Γ2). En-
ergy conservation requires the presence of hadrons, however it is unclear if they are cold or
ultrarelativistic [Rei12].
Proton-Proton Interactions In the first class of hadronic models secondary particles produced
in proton-proton interactions in dense target materials are responsible for the observed high energy
photon emissions via the production and decay of pions:
p + p→
⎧⎪⎪⎨⎪⎪⎩
ppπ0 , fraction 2/3
pnπ+ , fraction 1/3
(2.12)
The charged pions decay and produce photons and neutrinos:
π0 → γγ (2.13)
π+ → μ+νμ → e+νeν¯μνμ (2.14)
π− → μ−ν¯μ → e−ν¯eνμν¯μ (2.15)
One example is the channeled blast-wave model that considers a blast wave caused by accelerated
hadronic matter sweeping through the surrounding medium or interacting with ambient gas clouds
that interact with the jet. The observed variability in the γ flux could then be explained by density
variations in the interstellar gas. This models easily explains the very fast variability time scales
on the time scale of minutes observed e.g. in Markarian 421, as the emission basically follows
the density variations of medium that the jet moves through [PS00b, PS00a]. The channeled
blast-wave model also predics correlation between the X-ray emission and the TeV γ-emission, a
feature often observed in AGNs [BHG+09].
Photo-Hadronic Interactions The second class of hadronic models does not require the
existence of dense target materials but rather considers interactions of the highly relativistic
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protons with photons either produced in synchrotron processes by the accompanying electrons
or from external sources. The possible sources of the external photon field are the same as
discussed in the leptonic class of models. The observed high-energy primaries are produced via
photo-meson production, e.g. via the Δ-resonance (see Eq. 2.1). Other decay modes as well as
other resonances can produce high-energy neutrons that can escape or transport large amounts of
energy very far from the black hole region. Furthermore, protons resulting from decays of these
neutrons could form the ultra high-energy cosmic rays.
The energy deposited in photons and neutrinos depends on the spectral shape of the target
photon field. The fraction of the primary proton energy dumped into photons and neutrinos
increases from about 10% for a steep target spectrum to about 25% for a very flat target photon
spectrum [Rei12]. In each case the ratio of energies deposited in photons and neutrinos is around
unity! However, the flatter the target photon field the more multi-pion production processes
become dominant [MRE+99]. Therefore, the average energy per photon (neutrino) as a fraction of
the primary proton energy decreases from 6% (4%) in steep target photon fields to less than 1%
in very hard target photon fields [Rei12]. To fully describe the processes in an environment with
photo-hadronic processes, the energy loss of muons and charged pions via synchrotron radiation
prior to to their decay would need to be modeled as well (besides the processes involving electrons
and positrons). This implies that hadronic models are usually considerably more complex then
purely leptonic acceleration models.
Flat Spectrum Radio Quasars are especially interesting candidates for photo-hadronic production
due to the strong target photon field produced in the broad line region. It is, however, argued that
the flux of ambient photons in the Broad Line Region is so high that e+e− pair production from
γγ interactions starts to play a major role, so the source would be essentially opaque to photons
with energies > 30 GeV. Alternative models discuss a re-collimation of the jet further away
from the black hole, outside the broad line region where the ambient photon flux is substantially
reduced [TBG+11].
Distinguishing Emission Models
Two main classes of observations might be able to distinguish between leptonic and hadronic
models for specific AGNs. The detection of high-energy neutrinos from a source would unequiv-
ocally prove that protons are accelerated to very high energies in this object. The detailed study
of flare behaviours, especially the time structure and the spectral evolution in different γ energy
regimes could also help to constrain the model space. However, the discussion e.g. in [BRZ13]
shows, that even small changes in model parameters can lead to substantial changes in the time
lag behaviour between different photon energy regimes.
2.3.6. Neutrino Production in AGNs
Section 2.3.5 discussed hadronic emission models in the light of observed γ spectral energy
distributions and flare behavior. However, it has also been already pointed out that hadronic
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emission models predict the production of neutrinos through the decay of charged mesons (mainly
π± and K±).
It has been speculated that active galactic nuclei are sources of high-energy neutrinos since a
long time (see e.g. [Eic79, SDSS91, SDSS92]). Using very generic assumptions on the magnetic
field in the jet and energy spectrum of charged pion decay, in [HZ97] a νμ flux from the AGN
Markarian 421 is derived:
dNν
dEν
∼ 5 × 10
−17cm−2 s−1
Eν
. (2.16)
A good overview over different neutrino emission models for different classes of blazars, FSRQs
and radio-quiet AGNs is given in [Bec08]. For different detected TeV γ flares the resulting
neutrino fluxes are calculated under the assumption of a 1 : 1 correlation between the neutrino
and photon fluxes. It can be concluded that for the strongest flares observed to date (e.g. from
Markarian 421) the produced neutrino flux is close to the sensitivity of current generation neutrino
telescopes!
2.4. Other Sources of High-Energy Radiation
This section briefly discusses two galactic source classes of very high energy γ-radiation that
are also likely to exhibit some degree of hadronic acceleration. Object like gamma-ray burst,
while likely candidates for hadron acceleration, are probably much more short-lived than the flare
search presented in this work is designed to detect. Hence they will not be discussed here.
Supernova Remnants An exploding supernova creates a shock wave that moves through
the surrounding interstellar medium. The shock wave continuously slows down as it sweeps up
material. The shock wave is assumed to be a very efficient area for first order Fermi acceleration
(see Sec. 2.1.3). Hence supernova remnants (SNRs) are believed to be the major source of galactic
cosmic rays. This connection was already proposed in 1934 by W. Baade and F. Zwicky [RB07].
The recent detection of the π0-decay signature in two SNRs supports the thesis that they are
efficient hadron accelerators [TA+13].
Microquasars A microquasar can be pictured as a small version of a quasar. They are a special
class of X-ray binary systems, where a stellar-mass black hole or a neutron star accretes matter
from a companion star. Like in quasars an accretion disk and often also a pair of radio jets
forms. The flux from the radio jets is highly variable. The accretion disk is much hotter than in
quasars (see Sec. 2.3.2), hence its thermal emission is concentrated in X-rays. A small number of
microquasars have also been detected as high-energy γ-emitters (see e.g. [AAA+06] for the first
such discovery).
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2.5. Imaging Atmospheric-Cherenkov Telescopes
The program presented in this work sends alerts to Imaging Atmospheric-Cherenkov Telescopes
(IACTs) for follow-up observations. This sections briefly describes how these instruments work
and gives information about the MAGIC and VERITAS telescopes.
Mode of Operation IACTs detect photon induced air showers by means of the Cherenkov
effect (see Sec. 3.2.3). Highly relativistic charged particles in the air showers produce Cherenkov
light. Due to the interplay between the emission geometry and the altitude dependent index of
refraction the Cherenkov light flash (∼ 10 ns duration) is mainly concentrated in a light pool
with a diameter of ∼ 120m on the ground. A telescope located inside the light pool can reflect
the light into an array of sensors from where it can be read out. Figure 2.8 depicts the mode of
operation.
Figure 2.8.: Schematic of the mode of operation of Imaging Atmospheric-Cherenkov Telescopes.
Cherenkov light emitted from highly relativistic charged particles in air showers
forms a light pool. The light is reflected into a pixelated array of sensors from
where it can be read out electronically. The image can be parametrized to separate
hadron induced showers (depicted on the right) from γ induced showers (depicted
on the left). By placing two or more telescope about 100m apart the stereoscopic
observation of the shower greatly improves the accuracy of the reconstruction of
the shower direction. Picture taken from [HH09]
By analyzing the shape of the elliptical image of the air shower it is possible to discern hadron
induced showers from the sought after photon induced (electromagnetic) showers. Due to
photohadronic interactions hadron induced showers contain a number of electromagnetic sub
showers that lead to a “fuzzier” image in the camera. State of the art methods employ advanced
machine learning methods like random forests in order to achieve the γ-hadron separation.
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By placing two or more IACTs so close together that they can see the same light pool, the
reconstruction of the shower direction is improved.
The MAGIC Telescopes The MAGIC (Major Atmospheric Gamma-Ray Imaging Cherenkov)
telescope array is located at 28◦ 45′ 43′′ N, 17◦ 53′ 24′′ W at an altitude of 2200m on the Canary
island of La Palma. The MAGIC array consists of two telescopes, placed 85m apart, each with
a primary mirror of 17m diameter [CGSf09]. The primary telescope structure is made out of
carbon fiber, to reduce the overall weight in order to achieve fast movements to any point in the
sky in less than 40 s. After a recent upgrade of the camera and readout electronics of the first
telescope (MAGIC I) the array achieves a sensitivity of 0.71% ± 0.02% of the Crab Nebula
flux ( dNdE dt dA = 3.2 · 10−11
(
E
TeV
)−2.4
TeV−1cm−2s−1) after 50 hours of observation. The angular
resolution for γ-induced events (68% containment) is  0.1◦ for Eγ > 250GeV. The energy
resolution in this energy regime is 18% [SCC+13]. A speciality of the MAGIC telescopes is the
ability to take data also under moderate moonlight conditions.
The VERITAS Telescopes The VERITAS (Very Energetic Radiation Imaging Telescope
Array System) telescopes are located at 31◦ 40′ 30′′ N, 110◦ 57′ 8′′ W near Tucson (Arizona)
in the USA. The array consists of four 12m telescopes with 499 pixel PMT cameras. It is
fully operational since 2007, to optimize the array geometry one telescope was repositioned
in 2009, an update of the photomultipliers in all cameras in 2012 to high quantum-efficiency
PMTs (> 32%) reduced the low-energy threshold and improved the low energy sensitivity. The
VERITAS array can detect a γ-ray flux of 5% of the Crab Nebula flux after 1 hour of observations
with a significance of 5σ [Nf11, Kf13].
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3. Neutrino Propagation and Detection
This chapter deals with propagation of neutrinos and the various methods to detect neutrinos.
Section 3.1 explains the phenomenon of neutrino flavor oscillations. The different available
methods to detect neutrinos in different energy regimes are described in Sec. 3.2. Finally,
in Sec. 3.3, several methods to identify potential astrophysics point sources of neutrinos are
discussed.
3.1. Neutrino Flavor Oscillations
The weak flavor of a detected neutrino can be different from its flavor at the production site. This
effect is called neutrino flavor oscillation and is mediated by the non-diagonal mixing matrix of
neutrino mass eigenstates to weak eigenstates. Therefore, the neutrino flavor ratio at the detection
site can be markedly different from its production ratio!
The treatment of neutrino oscillation in this section follows mostly [AS09]. It is important to
note that the derivation given here is an approximation as it assumes a plane-wave description
of the propagation of the neutrino mass eigenstate mi. However, a full wave packet treatment
of the problem yields the same results! The first experimental hint for neutrino oscillations was
obtained by R. Davis by noticing a deficit in the number of observed solar neutrinos compared to
predictions [DHH68]. The first evidence for the theory of neutrino oscillations came from the
Super-Kamiokande experiment in 1998 [FHI+98].
With the flavor eigenstates α = (e, ν, τ) and the mass eigenstates i = (1, 2, 3) a weak eigenstate
|να〉 can be written as
|να〉 =
3∑
i=1
U∗αi|νi〉 , (3.1)
where U∗αi denotes the unitary Pontecorvo–Maki–Nakagawa–Sakata (PKMS) neutrino mixing
matrix [Pon57, Pon68, MNS62]. The probability to observe a neutrino that was produced in the
flavor eigenstate α in the flavor eigenstate β at the distance x is then written as
P(να → νβ) = |〈νβ|να(x)〉|2 . (3.2)
If the assumption is made that the different mass eigenstates have the same momentum at
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production then after time t each has picked up a phase factor exp(−iEit) and thus
|να(t)〉 =
3∑
i=1
U∗αie
−iEit|νi〉 . (3.3)
The transition probability to observe a state |να〉 in state |νβ〉 after time t is therefore given by
P(να → νβ; t) =
∣∣∣∣∣∣∣
3∑
i=1
U∗βie
−iEitU∗αi
∣∣∣∣∣∣∣
2
. (3.4)
The Taylor expansion of the energy Ei of a relativistic neutrino with mass mi  p can be written
as
Ei =
√
p2 + m2i 	 p +
m2i
2p
. (3.5)
Substituting Eq. 3.5 in Eq. 3.4 together with x 	 t finally yields the probability to observe flavor
β after a propagation distance x when flavor α was emitted:
P(να → νβ; x) =
∣∣∣∣∣∣∣
3∑
i=1
U∗βie
−i Δm
2
i j
2p xU∗αi
∣∣∣∣∣∣∣
2
(3.6)
where Δm2i j = m
2
i − m2j denote the differences of the squared masses of the mass eigenstates i
and j, and j corresponds to any of the mass eigenstates. The magnitude and the frequency of the
oscillation therefore depend on the matrix elements Uiα, the mass square difference Δm2i j between
the mass eigenstates and the energy of the neutrino. The typical length scale of the oscillation is
then controlled by m2i j/p and the distance between two oscillation maxima is given by
Li j(E) =
4πp
Δm2i j
= 2.48m
E [MeV]
Δm2i j [eV
2]
. (3.7)
If we assume the Standard Model with three neutrino flavors the mixing matrix U can be written
as
(Uαi) =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
c12c13 s12c13 s13e−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12c23 − c12s23s13eiδ −c12c23 − s12c23s13eiδ c23c13
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (3.8)
where ci j = cos θi j, si j = sin θi j, θi j the mixing angles and δ a possible CP violating phase. Using
the current knowledge about the mixing angles θi j the mixing matrix U can be approximated as
(see [Bec08, GMSS12]):
(Uαi) =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
√
3
2
1
2 0
− 1
2
√
2
√
3
2
√
2
1√
2
1
2
√
2
−
√
3
2
√
2
1√
2
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ . (3.9)
It is important to note that this mixing behavior is markedly different from the quark sector where
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the corresponding mixing matrix is almost diagonal.
The current world average measurements for the mass square differences are given by Δm221 =
(7.50 ± 0.20) × 10−5 eV2 and |Δm232 = (2.32+0.12−0.08) × 10−3 eV2| [BAB+12]. Note also that these
values do not determine the absolute neutrino mass scale! Two different absolute mass hierarchies
are possible. The first, where m1 < m2  m3 is called the normal hierarchy, while the second
possible ordering, where m3  m1 < m2 is called the inverted hierarchy.
As the oscillation lengths Li j (Eq. 3.7) are much smaller than the typical distances to astronomical
objects and the emission regions are extended, an average probability to observe a certain flavor
given the flavor at the production site can be derived:
Pαβ := P(να → νβ) =
3∑
i=1
‖Uαi‖2
∥∥∥Uβi∥∥∥2 . (3.10)
For a flavor production ratio of Φ(νe) : Φ(νμ) : Φ(ντ) = 2 : 1 : 0 resulting from charged pion
decay (see Eq. 2.2) and a propagation in vacuum (thus ignoring the flavor dependent oscillation
effects in matter) a flavor ratio of Φ(νe) : Φ(νμ) : Φ(ντ) = 1 : 1 : 1 will be observed at the
Earth [AJY00].
3.2. Neutrino Detection
3.2.1. Neutrino-Nucleon Interaction
Muon neutrinos can interact with nucleons in matter via charged current processes(CC, W±
mediates the interaction) and neutral current processes (NC, Z0 mediates the interaction):
(−)
νμ + N → μ± + anything (CC)
(−)
νμ + N → (−)νμ + anything (NC) . (3.11)
The average scattering angle between the neutrino and the muon in the case of a charged current
interaction can be written as (see [GQRS96]):
〈Ψ〉 = 0.7◦ ×
( Eν
TeV
)−0.7
. (3.12)
This scattering angle is taken into account in the IceCube Monte Carlo chain (see Sec. 4.8.1).
For neutrino energies greater than O(TeV) this scattering angle does not limit the resolution of
the reconstruction of the neutrino direction as it is dominated by the intrinsic resolution of the
standard muon track reconstruction (see Sec. 4.5.3).
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The neutrino-nucleon cross section for neutral current and charged current processes is written as
d2σNC, CC
dx dy
=
2G2F
π
MNEν
⎛⎜⎜⎜⎜⎜⎜⎜⎝
M2
Z0,W±
Q2 + M2
Z0,W±
⎞⎟⎟⎟⎟⎟⎟⎟⎠
2
·
(
xqZ0,W±(x,Q
2) + xq¯Z0,W±(x,Q
2)(1 − y)2
)
(3.13)
where the Bjorken variables x and y are given by
x =
Q2
2MN(Eν − Eν′,l) (3.14)
and
y = 1 − Eν′,l
Eν
(3.15)
and q and q¯ are linear combinations of the quark distributions functions for the different flavors
(see [GQRS96]). MZ0,W and MN denote the vector boson masses and nucleon mass respectively.
For neutrino energies Eν < 104 GeV, where the vector boson propagator can be neglected, the
cross sections depend approximately linearly on the neutrino energy [KS12]:
σtot ≈ 1.0 · 10−38cm2 EνGeV . (3.16)
For Eν > 106 GeV the charged current νμN cross section can be approximated by (see [GQRS96]):
σtot ≈ 2.69 · 10−36cm2
( Eν
GeV
)0.402
. (3.17)
Similar approximative power laws exists for the ν¯μN cross section as well as the neutral current
cross sections. These cross sections are depicted in Fig. 3.1.
As the interaction length of a particle is given by
Lint = 1
σνN(Eν)NA
(3.18)
where NA = 6.022 · 1023 mol−1 is the Avogadro number, the neutrino interaction length scales
with the energy asLint ∼ E−1 for Eν < 10 TeV andLint ∼ E−0.4 for Eν > 100 TeV). The resulting
neutrino interaction length is shown in Fig. 3.2. The neutrino interaction length becomes smaller
than the Earth diameter for energies above ≈ 50 TeV. Therefore neutrinos of higher energies can
only be detected close to or above the horizon.
3.2.2. Muon Propagation in Ice
Muons loose energy when they propagate through matter by a number of different mechanisms.
Cherenkov radiation losses can be neglected, ionization plays only a minor role for the high-
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Figure 3.1.: Neutrino-nucleon cross sections as a function of neutrino energy for neutrinos
(left) and anti-neutrinos (right). The neutrino-nucleon cross section is bigger for
neutrinos than anti-neutrinos due to the presence of the valence quarks. The two
different curves in each plot compare correspond to two different parameterizations
of the parton distribution functions. Plot taken from [CS08].
1012
1010
108
106
1016
1014
10 1011109107105103
Eν [GeV]
L
 
[c
m 
w.
e.
]
Earth diameter
Figure 3.2.: Neutrino interaction length versus the energy of the neutrino. The Earth diameter is
marked by the horizontal line. Neutrinos with E > 50 TeV are likely to be absorbed
in the Earth if they pass through it.
energy muons considered here. The energy loss through ionization is almost energy independent
and amounts to a =
dEtextionμ
ρdx = 2.68
MeV
g cm−2 in ice.
For muons with energies above several hundred GeV energy losses through direct pair production,
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bremsstrahlung and photoproduction dominate over ionization. The energy loss through these
processes is approximately proportional to the muon energy. The total energy loss dEμ/dx can
then be written as [BB81]:
−dEμ
ρdx
= a(Eμ) + b(Eμ)Eμ (3.19)
where b 	 3.6 × 10−6 g−1 cm2. Under the assumption that these slowly varying coefficients a(Eμ)
and b(Eμ) are independent of the muon energy the range of a muon with initial energy Eμ is given
by:
R(Eμ, Eminμ ) =
1
b
ln
a + bEμ
a + bEminμ
(3.20)
where Eminμ is a detector-dependent minimum energy. Equation 3.19 assumes that the losses
are continuous. At high energies, however, stochastic losses play a major role. Muons with
energies above 1 TeV can loose a large part of their energy in a single interaction (e.g. through
a bremsstrahlung photon). Thus a detailed simulation is necessary to obtain the distribution of
muon ranges. The survival probability of a muon and the resulting distribution of ranges is shown
in Fig. 3.3. A muon with Eμ = 10 TeV has an average range of about 10 km in ice, whereas at
(a) tight (b) tight
Figure 3.3.: Probability of a muon with a certain energy to survive a given distance without
absorption or decay (left). The right plot shows the resulting average muon range
for muons with an energy from 103 GeV to 109 GeV. The solid and dashed lines
show the results from two different models for the parton distribution functions.
Plots taken from [IRSS01].
Eμ = 10 PeV the range increases to about 44 km. This rise of the muon range with energy is very
important for neutrino point source searches using high-energy muon neutrinos with neutrino
telescopes. While the flux of astrophysical objects decreases with energy, the effective volume of
the detector increases due to the increasing muon range.
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3.2.3. Cherenkov Radiation
A charged particle that moves faster than the local phase velocity of light in a dielectric medium
emits electromagnetic radiation in the form of the so-called Cherenkov radiation [Che34, Vav34,
Che37]. The angle θC (see Fig. 4.5) under which these photons are emitted is given by
cos θC =
1
nβ
(3.21)
where n is the index of refraction of the medium and β = v/c is the velocity of the particle. The
detection medium of IceCube consists of ice with a refractive index at λ = 400 nm of
n ≈ 1.32 . (3.22)
This results in a Cherenkov angle of θC ≈ 41° for particles with β ≈ 1. The intensity of the
radiation is wavelength dependent and peaks in the near-UV region. The differential photon flux
of a particle with charge z is given by the Franck-Tamm formula [TF37]:
d2N
dxdλ
=
2παz2
λ2
(
1 − 1
β2n2(λ)
)
(3.23)
where λ is the wavelength of the emitted light and α ≈ 1/137 the electromagnetic fine structure
constant. The spectrum is shown in Fig. 3.4 for the wavelength range where the photomultipliers
used in the IceCube detector are most sensitive and where the transmissivity of the glass pressure
housing is sufficient (see Sec. 4.2.1). Integrating Eq. 3.23 from 300 nm to 600 nm yields the total
light output per unit of track length. Thus a primary Cherenkov photon flux of 2.6 · 104 photons
per meter for a high-energy muon is obtained [PW01]. The form of the Cherenkov spectrum
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Figure 3.4.: Cherenkov photon flux (in arbitrary units) of a particle moving with β = 1 in ice as
a function of wavelength in the range of interest for the IceCube detector.
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from particles in ice is almost independent of the energy of the particles. However, the total
light output, which comprises both the Cherenkov light from the primary particle as well as the
secondary particles, is strongly energy dependent.
3.2.4. Neutrino Detection Methods
This section gives an overviews over methods of neutrino detection that are either currently used
or developed. It will not cover techniques that are not in the range of technical feasibility in
the foreseeable future like methods to detect the 1.9K relic neutrinos from the Big Bang (see
e.g. [Ebe05]).
Low-Energy Neutrinos
Neutrinos with energies < O(10MeV) can be detected via liquid scintillators, radio-chemical
methods or Cherenkov radiation employing large detector volumes.
Scintillators Anti-electron neutrinos can react with protons via the inverse β-decay:
p + ν¯e → n + e+ . (3.24)
The threshold energy for this reaction is 1.8MeV. In order to identify the reaction the two
511 keV annihilation photons of the e+ have to be detected. For a better background suppression
the delayed photon from the capture of the neutron e.g. on cadmium can be exploited:
n + 108Cd → 109mCd → 109Cd + γ (3.25)
This technique was used in the first experimental detection of (anti-)neutrinos by Reines and
Cowan in 1956 [CRH+56].
Radio-Chemical Methods Charged current νx interactions can convert a u-quark into a d-
quark in a nucleon. The reaction channel is open to all flavors, but as the electron is the lightest
of the three charged leptons, the energy threshold is lowest for νe interactions. This method was
first established using a chlorine-rich detection fluid by R. Davis in the Homestake Mine in South
Dakota to measure the solar neutrino flux. The electron neutrinos interact via
νe +
37Cl→ 37Ar + e− (3.26)
with a threshold energy of 814 keV. The produced argon atoms have to be chemically extracted
and counted using their radioactive decay. The Homestake experiment provided the first hint
of neutrino oscillations as it measured a too low flux of solar electron neutrinos compared to
predictions [DHH68].
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In order to lower the energy threshold, and thus be able to measure νe from the p-p cycle in
the Sun, charged current reactions with gallium can be used (e.g. by the GALLEX and SAGE
experiments):
νe +
71Ga→ 71Ge + e− . (3.27)
This reaction has a lower energy threshold of 233.2 keV.
The drawback of the radio-chemical detection method is that it provides no directional information
and only very coarse timing, depending on the half-life of the produced isotope (e.g. 11.4 days
for 71Ge).
Cherenkov Radiation Charged secondary particles from neutrino induced reactions can pro-
duce Cherenkov light, if their energy is high enough (see below). To detect the Cherenkov light
emission, a transparent medium is needed. For sufficiently high neutrino fluxes (solar neutrinos,
reactor neutrinos, atmospheric neutrinos) artificial bodies of water e.g. in deep underground
caverns provide enough target volume to generate fair event rates. Furthermore, in artificial water
volumes it is easier to control for impurities causing light absorption or radioactive contaminations
that would otherwise increase the background radiation level.
The threshold for the emission of Cherenkov light for an electron in water is 0.26MeV. Therefore,
elastic νx-e scattering of sufficiently energetic neutrinos can produce electrons that radiate
Cherenkov light in water. This reaction can be initiated by all three neutrino flavors (via an
exchange of a Z0), but is enhanced for νe (via an exchange of W+).
In water that contains deuterium (so-called heavy water) solar νe with E > 1.4MeV can react via
νe + d → p + p + e− . (3.28)
The resulting electron can be detected through its Cherenkov radiation. Detectors employing this
detection principle are e.g. SNO [Hal00] and Super-Kamiokande [F+03].
High-Energy Neutrinos
Bubble Chambers A bubble chamber consists of a vessel (usually with a volume of several
m3) filled with a superheated transparent liquid in order to detect charged particles passing
through it. The detection principle has first been described by A. D. Glaser in 1952 (see [Gla52])
who was subsequently awarded the Nobel Prize in Physics in 1960. The ionization caused in the
superheated liquid by charged particles leads to the formation of microscopic bubbles along their
pass that can be photographed. An applied magnetic field bends the paths of charged particles
and allows to measure their momenta. Bubble chambers have been used extensively in the early
accelerator based neutrino physics. For example experiments at the Gargamelle bubble chamber,
filled with the dense CF3Br to increase the probability of neutrino interactions, discovered the
weak neutral currents in 1973 [H+73].
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Tracking Calorimeters Tracking calorimeters are build of planes of a detection material
interleaved with an absorber material. The detection material provides the tracking information
(usually a scintillating plastic, readout with PMTs) while the absorber material increases the
target mass. Magnetized steel can be used as an absorber material, to measure the momentum
and charge of muons produced by νμ charged current interactions. With a high enough detector
granularity hadronic showers from neutral current interactions can be distinguished from leptonic
showers induced by e±. One example of such a detector is the Minos experiment [Nt12] build for
the study of neutrino oscillations. The OPERA experiment [ABB+07] employs a finely grained
detector using scintillating fibers and photographic emulsions to detect τ-leptons from νμ → ντ
oscillations. The τ-leptons decay almost immediately but can be identified by either detecting
the “kink” in the track in the case of a leptonic decay or the three-prong vertex in the case of a
decay into pions. Tracking calorimeters are usually used in long-baseline neutrino oscillation
experiments with typical neutrino energies below 10GeV.
Cherenkov Radiation The detection of Cherenkov radiation from secondaries provides the
best angular resolution of all neutrino detection methods. Therefore it has the potential to identify
astrophysical point sources. Astrophysical neutrinos can be distinguished from atmospheric
neutrinos by their presumably harder energy spectrum and their clustering in space and time. As
proposed fluxes from astrophysical sources other than the Sun are very low, the target volume
needs to be increased by several orders of magnitude compared to solar neutrino experiments.
Target volumes of the required size in the km3-range are no longer financially and technically
viable using e.g. excavated caverns. Natural materials providing the required high transparency
are water and ice. In order to achieve a good shielding against muons from cosmic ray air-showers,
a big material overburden over the instrumented volume is desirable. Therefore deep lakes, the
ocean and thick ice shields are natural candidates. While water has the advantage of lower light
scattering compared to ice, bio-luminescence and radioactivity from 40K decays pose a challenge
to the instruments. The optical properties of glacial ice at the South Pole will be discussed in
Sec. 4.7.
Both mediums, water and ice, are currently used for astrophysical neutrino experiments. The
Baikal experiment [AAB+09] uses the deep Lake Baikal, ANTARES [AAA+11d] uses the
Mediterranean sea and IceCube employs the thick Antarctic glacier at the South Pole.
As the neutrino interaction length decreases with energy (see Sec. 3.2.1) the zenith angle under
which neutrinos of a given energy can be detected in deep detectors decreases with energy. Above
a neutrino energy on the order of 1 EeV even the shielding material (water or ice) on top of the
detector will absorb a sizable fraction of the neutrinos.
Detection of Neutrino Induced Showers For neutrinos of extremely high energies (>100 PeV)
the neutrino-nucleon cross section becomes so large (and correspondingly the mean free path so
small) that these neutrinos can traverse ∼ ten kilometers of rock at maximum. On the other hand,
the probability for these neutrinos to interact in the atmosphere and thus to produce a particle
shower similar to a cosmic ray air shower is no longer negligible. This provides two ways to
detect neutrinos of these energies.
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• Detection of the neutrino-induced air shower The challenge in detecting neutrino-
induced air showers is to discern them from the much more abundant cosmic ray air
showers. On average the atmospheric depth of the shower maximum is smaller (i.e. higher
up in the atmosphere) for an air shower induced by cosmic-rays than for an air-shower in-
duced by a neutrino. The height of first interaction for a cosmic-ray proton is h1 ≈ 20.5 km.
As the nucleon- nucleon cross-section scales roughly with the mass number A of a nucleus,
the mean free path of heavier primary particles is smaller than for protons and consequently
the height of first interaction is higher. Neutrinos interact only deeper in the atmosphere due
to their smaller cross-section of ≈ 2 · 10−32 cm2 at 1011 GeV (see Fig. 3.1). The AUGER
experiment developed techniques to distinguish neutrino induced from cosmic-ray induced
air showers and performed a search for these neutrinos. No events were found [Col12] .
• Detection of Earth skimming neutrinos At ultra-high energies neutrinos can no longer
traverse the whole Earth but there is a region below but close to the horizon where the
geometry is such that a neutrino induced shower close to the surface can escape the Earth.
The upward-moving shower could then be detected by a fluorescence detector [AIL+05].
Alternatively Imaging Air Cherenkov Telescopes could detect showers originating from
neutrino induced horizontal showers in nearby mountains (see e.g. [GBK14]). Due to ντ
regeneration and the striking τ-decay signature, τ-neutrinos have a much higher probability
to be detected in this way [FFWY02, Col12] . The search for Earth skimming neutrinos
currently provides the better limit on the ultra-high energy neutrino flux, however at slightly
lower energies as the detection of neutrino-induced air showers.
Radio Detection In 1962 the Soviet-Armenian physicist Gurgen Askaryan predicted an effect
where a charged particle traveling faster than the phase velocity of light in a dielectric medium
produces a shower of charged secondary particles that has a charge anisotropy [Ask62]. The
charge asymmetry is caused by the higher prevalence of electrons in the electromagnetic cascade
due to Compton scattering of shower photons on electrons from the medium. For wavelengths
much larger than the Molière radius of the shower (∼ 10 cm in dense materials) the radiations
emitted by each charge superimpose coherently. This leads to the emission of a coherent beam
(with a power P ∼ Number of charged particles2) of radiation in the radio or microwave range.
The effect has first been experimentally verified in the year 2000 [SGW+01]. Natural materials
that show dielectric behavior are ice [GBB+07], salt and the lunar regolith [Wil04]. The technique
to detect neutrinos via radio signals is supposed to work for energies above 100 PeV.
Experiments employing this effect are RICE [KHS+12], ANITA [GAB+09] and
ARA [AAA+12g], all utilizing the Antarctic ice shield as a detection medium. Observations of
the moon to detect radio signals caused by the Askaryan effect also yield upper limits on the very
high-energy neutrino flux [SBF+11].
Acoustic Detection A fraction of the energy in an electromagnetic shower is converted into
heat deposited in the medium. That local heat deposition occurs within ∼ several nanoseconds
which causes stresses in the medium that are partially relieved via sound waves. This phenomenon
has first been described by G. Askaryan in 1957 [Ask57]. First measurements proving the effect
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using accelerator beams were reported in 1979 [ADKM79]. Several experiments are investigating
the the feasibility of acoustic detection technique as a way to detect neutrinos from the GZK effect
(Eν ≥ 10 EeV, see Sec. 2.1.1). The experiments SAUND [VGL05] and AMADEUS [LA12]
use water as a detection medium whereas SPATS [BBD+08, Tos09, MPRI12] makes use of the
Antarctic ice sheet.
3.3. Methods to Identify Neutrino Point Sources
Searches for neutrinos of astrophysical origin must discriminate them against the background of
atmospheric neutrinos. Three properties of possible astrophysical neutrino point sources can be
exploited to achieve that discrimination:
• Spatial clustering Muon neutrinos from an astrophysical point source or an extended
source cluster in the direction of the source, whereas atmospheric neutrinos show no such
clustering. This feature is used in binned searches for neutrino point sources where the
number of detected neutrinos in an on-source bin is compared to the number of neutrinos
expected from atmospheric neutrino background alone in a bin at that declination. In an
unbinned maximum-likelihood search the directional reconstruction is usually combined
with an estimator of the angular reconstruction error, leading to an improved sensitivity.
• Energy spectrum Models of neutrino production in astrophysical sources usually predict
a harder spectrum than that of atmospheric neutrinos (dN/dE ∼ −3.7). Therefore it is
possible to distinguish atmospheric neutrinos from astrophysical neutrinos on a statistical
basis based on their energy. This can be exploited in maximum-likelihood point-source
searches where the likelihood ratio contains a term corresponding to the probability of
the event originating either from the atmospheric neutrino spectrum or a signal spectrum
(usually assumed to be a simple power-law).
• Time clustering Most emitters of high-energy γ-rays show a strong variability in their
emissions in various wavebands. At the same time, these sources are also possible neutrino
emitters. As the neutrino and gamma emission might be caused by the same underlying
mechanism, a variable neutrino flux with a similar time beavior is likely. Focusing a
neutrino search on these periods of interest greatly reduces the background of atmospheric
neutrinos and thus increases the discovery potential. Different ways to use the possible
time variability of the neutrino signal are explored in the next paragraph.
Methods employing all of these discriminating characteristics are described in [BBD+10].
Time-Dependent Search Methods Several methods can exploit a possible time dependence
in the neutrino flux from astrophysical sources. These methods can be divided into two classes:
• Analysis of the neutrino signal alone
• Combination of the neutrino data with photon data
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Examples of both methods are described in [AAA+12c].
The neutrino signal alone can be used to search for deviations from a uniform background of
atmospheric neutrinos. One possible approach is a search on a list of pre-defined sources using
a sliding time window. However, this requires, at least to some approximation, an a-priori
knowledge of the length of the neutrino flare. Using several different sliding window sizes would
incur a trial factor that reduces the discovery potential. Alternatively, a time-clustering algorithm
could be used where the times of the neutrino events themselves define the time windows (see
e.g. [BA10]). This approach results in an improved discovery potential compared to the sliding
window approach.
The combination of neutrino observations with photon data can happen in different ways. From
the photon data (e.g. optical, X-Ray, GeV or TeV) periods of interest can be extracted where the
source showed flaring behavior. These time periods define the time windows where a neutrino
signal is searched for. Additional model information like e.g. a possible time lag between the
photon and the neutrino signal or a prior on the neutrino flux curve (e.g. an emission threshold)
can be easily incorporated into this method. However, it relies on the availability of the photon
data in the first place! This is especially critical for TeV γ-ray data from Imaging Atmospheric-
Cherenkov Telescopes (IACTs, see Sec. 2.5) as these have only a small duty cycle (approximately
10%) and a small field of view (several square-degree). Thus presently operating Cherenkov
telescopes can not monitor all sources of interest continuously. However, once a neutrino flare is
discovered, based on an analysis of the neutrino data alone, the TeV γ-ray data would still be of
big interest to understand the source behavior, e.g. to assess the opacity of the emission region to
TeV photons.
In order to ensure the availability of the simultaneous neutrino and TeV γ-ray data a neutrino flare
trigger could provide information to the IACTs when to point at a specific source. This trigger
has to be based on an online analysis of the neutrino detector data in order to provide timely
alerts. The developments and the first results of such a trigger (the Neutrino Triggered Target of
Opportunity) is described in this work. It should be emphasized that γ-ray flares occurring before
the accompanying neutrino flare can not be detected with this method. The maximum time lag
allowed for the delay between the neutrino flare and the γ-ray flare depends on the observational
setup between the partner experiments, e.g. how much observation time of the IACT is committed
to each neutrino trigger and what priority these alerts are granted. In the case of delayed photon
emission the time lag inherent in such an alert scheme is not a disadvantage.
A discussion of different multi-messenger and multi-wavelength approaches can be found
in [Ber11].
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4. The IceCube Neutrino Telescope
IceCube is the world’s largest neutrino telescope, located at the geographic South Pole. It consists
of 5160 photo-multiplier tubes (PMTs) that instrument 1 km3 of ice. This chapter describes
the detector, the data acquisition system and the first level filtering system at the South Pole.
Furthermore an overview of the event reconstruction and selection, the optical properties of the
South Pole glacier and the Monte Carlo simulation methods is given.
4.1. Detector Layout
Figure 4.1 depicts a schematic view of the IceCube Neutrino Observatory. The in-ice part of the
IceCube detector consists of 86 strings of digital optical modules (DOMs). 80 of these strings
are instrumented between a depth of 1450m and 2450m with a vertical spacing of 17m between
the modules. The strings form a triangular lattice with a horizontal spacing of approximately
125m. Additional six strings are more closely instrumented with modules that employ PMTs
with higher quantum efficiency. These strings form the DeepCore infill array. A pair of purified
frozen water tanks with a diameter of 1.8m is placed on top of every IceCube string. These tanks
form the IceTop surface array for the study of cosmic ray air showers in the energy region from
about 1 PeV to 80 PeV. The distance of the individual tanks within a tank pair is 10m. Each tank
is equipped with two optical modules, one with a low gain (5 × 105) and one with a higher gain
(5 × 106) in order to extend the dynamic range.
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Figure 4.1.: Schematic layout of the IceCube Neutrino Observatory. See Sec. 4.1 for a descrip-
tion.
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4.2. The Digital Optical Module
The IceCube digital optical module (DOM) consists of a 10-inch diameter photomultiplier housed
in a glass pressure sphere together with the associated readout and digitization electronics. A
schematic image and a block diagram of the data flow in the DOM can be seen in Fig. 4.2.
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Figure 4.2.: Schematics of the IceCube digital optical modules (DOMs). Figure (a) shows the
PMT and DOM mainboard embedded in the glass pressure sphere. Figure (b)
shows the data flow from the analog readout of the photomultiplier to the digitized
waveforms transmitted to the surface.
This description of the DOM is taken from [AAA+10].
4.2.1. The Photomultiplier
The photomultipliers (R7081-02 produced by Hamamatsu Photonics) are sensitive from from 300
to 650 nm, however, the glass pressure sphere that houses them has a lower cutoff in transmissivity
at 350 nm. At a wavelength of 390 nm the PMTs have a quantum efficiency of about 25% (see
Fig. 4.3). For single photo-electron pulses the PMT has a transit time spread of 3.2 ns. The
PMT is glued to the housing with a flexible, transparent gel for mechanical stability and optical
coupling. In order to limit the dark-noise the pressure housing is made of borosilicate glass with
extra-low potassium content that lowers the PMT dark-noise rate to ∼300Hz at a temperature of
−40 ◦C. The nominal gain of 107 results in single photon pulse amplitudes of around 8mV. The
PMT is coupled inductively to the digitization electronic.
4.2.2. Signal Digitization
The analog signal from the photomultiplier is split into two paths. The first is a 75-ns delay
line that is fed into the digitization chain, the second is the trigger logic. The trigger threshold
is 0.25 photoelectrons. Signals above that threshold are digitized with two different digitizers,
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Figure 4.3.: Quantum efficiency of the PMTs in the IceCube detector as a function of wavelength.
The quantum efficiency at a wavelength of 390 nm is about 24% for the PMTs in
the standards DOMs and 34% for the PMTs in the high quantum-efficiency DOMs
used in the DeepCore sub-detector.
an Analog Transient Waveform Digitizer (ATWD, see [Kle03]) and a Fast Analog to Digital
Converter (FADC). The ATWD has four channels, three are fed with the PMT waveform with
different amplifications to increase the dynamic range (×0.25,×2 and ×16), the fourth is reserved
for calibration with the light emitting diode (LED) flashers (see Sec. 4.2.3). Each ATWD channel
samples 128 bins with a binwidth of 3.3 ns and a resolution per channel of 10 bit. This setup results
in a total sampling interval of ∼420 ns with a combined dynamic range for the three channels of
15 bit. In order to decrease the dead time resulting from the digitization two independent ATWD
circuits are employed that work alternately in a ping-pong fashion. The FADC digitizes data in
256 bins with a bin size of 25 ns (i.e. in a total interval of 6.4 μs) and a resolution per channel of
10 bit.
4.2.3. Calibration
Before being deployed into the ice each optical module went through an extensive commissioning
and calibration procedure [AAA+10]. In order to provide an absolute in-situ calibration of the
DOMs and assist in the geometry measurement of the IceCube array each optical module is
equipped with light emitting diodes (LEDs). Each DOM contains a board with 12 LEDs emitting
at a wavelength of 405 nm with an angular emission profile of 30° full-width half-maximum
and a light output of 5.7 × 109 photons per pulse for a 50 ns pulse at full brightness. Six of the
diodes are pointing horizontally and six upwards at an angle of ∼40° to mimic the Cherenkov
light emission. The length of the light pulses is variable from 5 to 65 ns. The flashing rate is
adjustable from 1.2 to 610Hz. Dedicated “flasher runs” are performed regularly to measure the
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IceCube array geometry and improve the knowledge about the properties of the ice.
Another type of calibration device deployed in the ice are the two “Standard Candles”. These two
devices consist of pulsed nitrogen lasers emitting at a wavelength of 337 nm and the associated
electronics. They are used to calibrate the energy and vertex reconstruction for cascades. To
emulate the Cherenkov light profile of electron-neutrino induced cascades, a reflective cone
is used. Standard Candle 1 (2) was deployed on 18 January 2006 (16 December 2007) on
string 40 (55) pointing upward (downward) between DOMs 22 and 23 (42 and 43) at a depth of
approximately 1811m (2150m). Standard Candle 2 is thus located just below the big dust layer
(see Sec. 4.7) [sta12]. The calibration of the IceCube cascade reconstruction algorithms with the
help of the Standard Candles is described in [KDK+08].
Several steps are necessary to convert the readout of the digitizers in each optical module (in raw
digitizer counts) to the voltage recorded by the PMT (in mV) and to obtain the absolute photon
arrival times at the surface of the PMT. Special calibration runs are performed regularly to obtain
the necessary values for these conversions such as the PMT gain as a function of high voltage, the
PMT transit time spread, the discriminator thresholds, the time offset of the ATWD and FADC
digitizers, the time offset of the two ATWD chips and the digital sampling speeds. In order to
convert the digitizer counts to the PMT voltage the digitizer baselines (pedestals) are required
as well. The CPU in each DOM triggers a waveform digitization once per second (a “beacon
launch”) without being triggered by an actual PMT signal. If such a launch happens to fall into a
global detector readout window (see Sec. 4.3) it will be included in the data read out from the
detector. As this digitized waveform most likely does not contain a PMT signal it can be used
to extract the baselines for each DOM. This quantity needs to be known precisely to be able to
correct for the droop of the transformer coupling the PMT to the DOM mainboard.
Absolute timing calibration of the clocks on the DOM mainboard is provided by timing pulse
that synchronizes the clocks regularly. This timing pulse is derived from the Global Positioning
System (GPS).
4.3. Trigger System
The digitization of the waveform is initiated when the PMT signal in a DOM crosses the
discriminator threshold of 0.25 photoelectrons. Each optical module is connected to its neighbors
on the same string with a dedicated cable. The readout of the full digitized waveform is started
only if at least one of the four neighboring DOMs (two modules up or down on the same string)
is also triggered within 1000 ns. This is the so-called hard local coincidence (HLC) condition
(henceforth referred to as local coincidence). If this condition is fulfilled the digitized ATWD
and FADC waveforms are read out and transmitted to the surface. A dedicated computer for
each string (the DOMHub) forwards the hit information to the global trigger system. Several
trigger conditions are defined. The most important one for the purpose of this work is the Simple
Multiplicity Trigger which requires eight triggered optical modules (i.e. four local coincidence
pairs) anywhere in the detector within 5 μs. Other global trigger conditions concern e.g. lower
multiplicities confined to the DeepCore infill array or a certain number of optical modules that
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are hit and are located on a single string. When a global trigger is formed the full detector data is
read out in a readout window around the trigger (4 μs before the first launch in the trigger till 6 μs
after the last launch in the trigger). Once this time window is defined, the DOMHubs request also
the data from optical modules that where triggered but where the local coincidence condition was
not fulfilled. The information recorded for those so-called Soft Local Coincidence (SLC) hits is
limited to a time stamp and the charge in the three highest FADC bins. Triggers with overlapping
readout windows are subsequently merged. The stream of triggered events is then sent to the
online processing and filtering (PnF) system.
4.4. Online Filtering System
As the data volume produced at trigger level is too big to be transferred via satellite, a first
selection has to be applied directly at the South Pole. Triggered events that are deemed interesting
for the various physics channels are selected (by “filters”) and tagged to be transferred. For events
that are not selected by any of the filters only a very small amount of data (the “SuperDST”)
is transferred. This is useful for studies that require a large sample of atmospheric muons,
e.g. studies concerning large scale cosmic ray anisotropies (see [TI12]).
4.4.1. Technical Setup
Figure 4.4 shows the schematics of the online filtering PnF system. Triggered events are picked
up and dispatched (by the DAQDispatch process) to the central element of the filtering system,
the PFServer. As a single server process would not be able to handle the full detector event rate,
several servers are used (though not shown in the schematics). These servers send each individual
event to a filtering client (PFClient) that decodes the DAQ data, extracts the pulses from the
digitized waveforms and applies reconstruction and filtering algorithms. The events are then sent
back to the server where they are reassembled in their original order. The raw and filtered data
is then written to disk (by the PFWriter process) and handed over to the SPADE system (see
Sec. 4.6). Certain selected events can also be sent to so-called “Analysis Clients” that are used to
run online alerts systems like the Optical Follow-Up Program (see [AAA+12d]) and the Neutrino
Triggered Target of Opportunity Program (NToO) described in this work.
4.4.2. The Muon Filter
The filter that forms the basis for the NToO is the Muon Filter. It is one of the main filters that
runs on the PnF filtering clients selecting events to be transferred to the North via satellite. The
aim of the Muon Filter is to select well reconstructed muon tracks at trigger level.
As the main backgrounds are different for the regions θ < 90° (“down-going” tracks) and θ > 90°
(“up-going” tracks) the filter uses different selection strategies.
The Muon Filter is described in more detail in Sec. 5.1.
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Figure 4.4.: Schematics of the online processing and filtering (PnF) system for IceCube at the
South Pole. The system is described in Sec. 4.4.
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Up-going region In the upgoing region the signal events are muon tracks originating from
neutrinos that traversed the Earth and interacted close to the detector whereas the background
consists of downgoing muons from cosmic-ray air showers that have been misreconstructed
as upgoing. In order to reduce this background a cut on the quality of the SPE likelihood
reconstruction is employed for all events reconstructed with cos θ < 0.2.
Down-going region In the downgoing region the main background consists of muon and
muon bundles from air showers. Neutrino-induced muons can therefore not be selected simply
based on the quality of the reconstruction. However, the energy spectrum of the air shower muons
is very steep ( dNdE ∼ E−3.7) and a potential neutrino signal may be identified by its flatter spectrum.
Therefore, high-energy events are of special interest and are selected by the Muon Filter. A
simple energy proxy for a muon is the number of total detected photons summed over all modules
participating in the event (Qtot). The Muon Filter cuts on this total charge as a function of the
reconstructed zenith angle.
4.4.3. The Online Level 2 Filter
The likelihood fit applied to all events before the Muon Filter has a poor angular resolution (see
Fig. 5.1). In order to make an online selection of neutrino candidates feasible with an efficiency
comparable to offline analyes, more elaborate reconstructions (like e.g. the MPE fit, see Sec. 4.5.3)
are required. These reconstructions are provided by the Online Level 2 Filter that is based on the
output of the Muon Filter. Due to constraints on the available processing power at South Pole it
was not possible to apply these reconstructions to all events that passed the Muon Filter in the
2011/2012 season. Further cuts had to be applied first. In preparation for the 2012/2013 season
the computing capacity at the South Pole was expanded. This enabled the Online Level 2 filter to
apply additional, higher quality, reconstructions to all events that passed the Muon Filter. The
filter decision is then based on these fits. The filter itself is described in detail in Sec. 5.2.
4.5. Event Reconstruction and Selection
This section describes the most important track reconstruction algorithms and event selection
variables used in the NToO.
4.5.1. Hit Cleaning
Hit cleaning is the first step in the event processing chain. Its task is to identify noise, pre-pulse
and after-pulse hits and remove them from the event while keeping as many hits originating from
Cherenkov photons as possible. Two cleaning steps are applied, first causally related hits are
identified, then the time window with the highest number of hits is selected.
48
4.5 Event Reconstruction and Selection
SeededRT Cleaning
Noise hits are expected to be uncorrelated (between different DOMs) and not clustered in space
and time. Hits caused by Cherenkov photons on the other hand are clustered in space and time.
This implies a method to identify noise hits. The so called “Seeded R-T Cleaning” is an iterative
method that is designed to do that. In the first step it keeps all HLC hits that have at least two
other HLC hits close in space and time (dhits < R and δThits < T ). Then it iterates over all hits
(HLC and SLC) not yet in the set of kept hits and adds a new hit to the kept hit set if the new hit
fulfills the RT-condition with any hit in the set of already kept hits. This process is stopped after
an iteration where no hits where added or after a maximum of three iterations (see [Sch10]). The
settings used for the online filtering are:
1. R = 150m
2. T = 1000 ns
In the course of implementing the Online Level 2 filter for the 2011/2012 season the SeededRT
cleaning algorithm has been reimplemented to increase the speed by a factor of about 400.
Time Window Cleaning
The “Time Window Cleaning” selects the time window of 6000 ns with most detector hits in the
event. This selection is based on the hit set provided by the Seeded RT-cleaning. In an event
with coincident particles (e.g. a neutrino induced muon event that happens to have a cosmic
ray air shower induced muon in the same trigger window) the time window will usually contain
the particle that deposited more charge in the detector. If a signal neutrino induced muon is
accompanied by an air-shower muon in the same event it is reasonable to assume that the neutrino
induced muon has a higher energy due to the harder signal spectrum. However, more sophisticated
hit cleaning methods are developed that are designed to split several muons in the same trigger
into subevents.
4.5.2. First-Guess Track Reconstruction Algorithm
Linefit The Linefit is the simplest and fastest track reconstruction algorithm used in IceCube.
It is usually employed as a first-guess algorithm to serve as a seed for more elaborate track
reconstructions.
A muon position r(t) in the detector can be parametrized as
r(t) = r0(t0) + (t − t0)v , (4.1)
where v denotes the velocity vector and r0(t0) the position at time t0. The Linefit ignores the
physics of Cherenkov light emission and assumes a plane wave of light perpendicular to the
muon track, moving through the detector with the same velocity as the muon itself. The χ2 of an
assumed track with r0, t0 and v with respect to the observed photon arrival times in the DOMs
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can be written as
χ2 =
Hit DOMs∑
i
(r0 + (ti − t0)v − ri)2 . (4.2)
The χ2 can be minimized analytically to give the velocity
v =
〈riti〉 − 〈ri〉 〈ti〉〈
t2i
〉
− 〈ti〉2
, (4.3)
and a point r0 on the fitted track
r0(t0) = 〈ri〉 − v 〈ti〉 , (4.4)
where 〈x〉 denotes the average of x.
Improved Linefit Recently several improvements where applied to the linefit algorithm to
improve its robustness to noise and handling of coincident events (see [AAA+14]).
4.5.3. Maximum-Likelihood Track Reconstruction Algorithms
Maximum-likelihood methods are very powerful statistical tools for parameter estimation, i.e. fit-
ting a model to data. In the case of track reconstruction, the parameters that are to be estimated
are the track parameters, the zenith angle θ, the azimuth angle φ, a point along the track r0, and
the time t0 when the muon passes r0. All track angles (the zenith θ and the azimuth φ) in IceCube
are expressed with respect to the origin of the particle. When standing at the South Pole a particle
with a zenith angle θ = 0 is moving directly downwards from the sky towards the center of the
Earth (declination δ = 0), a particle with a zenith angle θ = π is straight upgoing.
The data used to estimate the track parameters are the measured photon arrival times ti, j at
the DOMs and the DOM positions ri. Given a model of light emission of a muon and photon
propagation in the ice the parameters θ, φ, r0 and t0 can be estimated by maximizing the likelihood
to observe the measured photon arrival times given a set of track parameters:
(θ, φ, r0, t0) = arg max
{θ,φ,r0,t0}
L(ti, j, ri|θ, φ, r0, t0) , (4.5)
where i runs over all DOMs that registered at least one photon, j runs over the photons in
each DOM. Generally other parameters like the energy of the muon may be included in the fit.
Practically however, this is not very useful and other methods are applied for estimating the
energy of a muon.
The knowledge about the Cherenkov light emission and light propagation in ice is encoded
in the likelihood function L which needs to be specified. As the likelihood generally cannot
be maximized analytically, numerical minimizers are employed (the minimization of −L is
equivalent to the maximization of L). In order to improve the numerical stability, − logL is
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minimized. The numerical minimization process can get stuck in a local minimum of the negative
log-likelihood as opposed to the desired global minimum. In order to help the minimizer a
so-called iterative likelihood fit can be employed where the minimizer is seeded with different
first guess tracks. The direction of these seed tracks is usually chosen at random.
Description of Photon Time Residuals
The expected arrival time te of an unscattered Cherenkov photon at a position with a perpendicular
distance d (see Fig. 3.4) to the track is given by
te = t⊥ +
d
cvac
(
ng
sin θC
− 1
np sin θC
)
(4.6)
where ng is the group index of refraction and np the phase index of refraction. The time residual
tres is then defined as the difference of the expected and measured arrival time tres = te − tmeas.
In [Pan96] the probability density function of photon arrival times was investigated for photons
emitted from point-like light sources in water. The resulting Pandel function also forms the basis
of the description of the time residual distribution in ice. It is defined as
p(tres) =
1
N(d)
τ−(d/λ)t(d/λ−1)res
Γ(d/λ)
· exp
(
tres ·
(
1
τ
+
cmedium
λa
)
+
d
λa
)
(4.7)
where the normalization N(d) is given by
N(d) = e−d/λa ·
(
1 +
τ · cmedium
λa
)−d/λ
. (4.8)
This parametrization has several disadvantages. It is not defined for negative tres, does not include
the jitter of the PMT, and has a non-physical pole at tres = 0. These problems can be solved by
convolving the Pandel function with a Gaussian of a given width (usually 15 ns in IceCube), which
is denoted Pconv in the following. Several approximations are used to speed up the numerical
evaluation of the resulting function (see [vFJ07]).
Single Photoelectron Likelihood
The Single Photoelectron (SPE) likelihood takes into account only the arrival time of the first
registered photon in each DOM. The motivation is that this is usually the least scattered photon
and thus carries most information. The likelihood is given by the product of the individual
convoluted Pandel functions:
L =
∏
i∈Hit DOMs
Pconv(tires) . (4.9)
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Figure 4.5.: Geometry of Cherenkov light emission from a muon track, recorded on a DOM at ri
at time ti. The Cherenkov photons are emitted under an angle θC from the track, in
ice θC ≈ 41° .
Multi Photoelectron Likelihood
The SPE likelihood completely ignores subsequent photons in a given DOM. A better model of
the actual measurement process is provided by the Multi Photoelectron (MPE) fit. The probability
density function used in this likelihood formulation does not only take into account the time
residual of the first of N detected photons in a DOM but also that N − 1 of these photons have
been registered after the first. The likelihood for each optical module is given by the probability
to register the first photon at ti,1 and all other N − 1 photons at later times:
L({ri, ti,1,Ni}|θ, φ, r0, t0) =
∏
i∈Hit DOMs
NiPconv(ri, ti,1)
(∫ ∞
ti,1
Pconv(ri, t)dt
)Ni−1
. (4.10)
Track fits based on the MPE likelihood achieve a significantly improved angular resolution
compared to fits based on the SPE likelihood.
4.5.4. Resolution Estimation
A critical parameter in a maximum-likelihood based search for neutrino point sources is the error
of the reconstruction for each event. As it can only be determined on an event-by-event basis
with simulated data, an estimate has to be used for experimental data. 1 Two different approaches
are applied in IceCube.
1In the absence of a neutrino standard candle the deficit in muons from the direction of the moon is used to establish
the absolute pointing accuracy of the detector and of the reconstructions (see [IAA+13a]).
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Paraboloid fit The Paraboloid fit scans the likelihood space around the minimum determined
in the track fit by varying the fit parameters. The resulting points in the likelihood space are
fitted with a parabola. From this parametrization the changes in the respective parameter value
can be obtained that result in a change of the log likelihood logL by Δ logL = −0.5 . These
parameter values are estimates of the error on the fitted track parameters (e.g. the direction) and
therefore serve as resolution estimates. Due to the repeated evaluation of the likelihood function
this method can be too slow to be used in the online filtering, especially for high-energy events
with a large number of hit DOMs.
Since the likelihood used in the track fit does fully describe the Cherenkov light emission and
propagation, the angular resolution estimate given by Paraboloid fit is biased. The bias can
be calibrated using Monte Carlo events to derive a correction factor which is a function of the
reconstructed event energy. The calibration will be explained in more detail in Sec. 7.1.
Cramér-Rao Resolution Estimate The Cramér-Rao theorem provides a lower bound on the
variance of an estimated parameter. For an unbiased estimator of a multidimensional parameter
θ = θ1, θ2, . . . the covariance is at least as high as the inverse of the Fisher information matrix:
cov(θm, θk) ≥ I(θ)−1 . (4.11)
The Fisher information matrix Imk(θ) is given by
Imk(θ) = −〈
⎡⎢⎢⎢⎢⎢⎢⎣
modules∑
i=1
∂2
∂θk∂θm
ln p(ti; θ)
⎤⎥⎥⎥⎥⎥⎥⎦〉 . (4.12)
This estimation of parameter variances can be used to obtain an estimate of the angular uncertainty
of a muon reconstruction (see [KLS08]). As the calculation involves no minimization of a
likelihood it is considerably faster than the Paraboloid fit and thus is the preferred method to be
used in online analysis.
4.5.5. Energy Reconstruction
The energy reconstruction method used in this work is implemented in the MuE software module.
It is based on a comparison of the registered number of photons to the number of expected photons
for a muon of a specific energy. The number of emitted photons per track length N0(Eμ) can be
parametrized as N0(Eμ) = 32440 · (1.22 + 1.36 · Eμ[TeV])m−1 [CZ07]. Without scattering and
absorption the photon density would decrease as 1/d with increasing distance d from the track.
However, in the fully diffusive regime, where scattering and absorption dominate, there would be
an exponential dependence. The behavior observed in reality lies in between (see [CZ07]) and
can be parametrized using Monte Carlo simulations. Taking into account the ice structure and
the effective area of the photo multipliers, the number of emitted photons per track length (and
thus the energy of the muon track) can then be derived. Recently several improved methods were
developed (see e.g. [AAA+13c]). An overview over the energy reconstruction methods used in
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IceCube is given in [IAA+13b].
4.6. Data Transfer to the North
Two different systems are used to transfer detector and monitoring data to the North for further
analysis.
SPADE SPADE (South Pole Archival and Data Exchange) is the system that is responsible for
storing the raw and filtered data coming out of the filtering system and queuing it for satellite
transfer. Generally, the data are stored on magnetic tape. In addition, for each type of data
(e.g. filtered events or monitoring data) SPADE can be assigned to transfer the data via satellite
with a pre-defined priority. The high bandwidth transfer of filtered detector data (∼100GB per
day) happens via the GOES 3 (Geodetic Earth Orbiting Satellite) and TDRS (Tracking and Data
Relay Satellite) NASA systems.
ITS ITS (IceCube Teleport System) uses the Iridium satellite system to transfer short messages
to the northern hemisphere. As a number of Iridium satellites is always visible from the South
Pole the system provides a highly available connection [IRI]. However, the amount of data that
can be transferred is limited to about 1800 characters per message. Therefore this communication
channel is used only to transfer low volume control and monitoring data to and from the northern
hemisphere. A dedicated web page (called I3Live) enables remote control of the detector, the
data acquisition, and the filtering system using these ITS messages. Additionally the system can
also be used to transfer alert messages for online analysis programs, like the Optical Follow-up
System [AAA+12d] and the Neutrino Triggered Target of Opportunity Program (this work).
4.7. Optical Properties of the South Pole Glacier and their
Modeling
Glacial ice is the most transparent solid known for light with a wavelength of 200 nm to
400 nm [ABB+95, ABB+97]. In the South Pole glacier up to a depth of 1500m the scatter-
ing and absorption is mainly caused by air bubbles trapped in the ice. At greater depth these
bubbles have transformed from their gas phase into the solid air-hydrate clathrate phase [Mil69].
The scattering and absorption below 1500m is dominated by dust grains and impurities that
originate from old volcanic ash layers [PWC00].
Two processes influence the light propagation in ice: absorption and scattering. Light scattering
in ice can be described by the Mie scattering theory that assumes spherical scattering centers. A
photon is scattered on average after a step length of λs with an average scattering angle 〈cos θ〉.
For ice 〈cos θ〉 has been determined to be 0.94. The scattering is therefore strongly forward
peaked.
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The scattering of photons can be described as a random-walk process. The propagation distance
in step i + 1 projected on the initial direction is given by λs 〈cos θ〉i. By summing all the distances
projected onto the first step direction, the effective scattering length
λe(λ) =
λs(λ)
1 − 〈cos θ〉 (4.13)
in the limit of a large number of steps can be obtained. If a photon cloud with a specific direction
is injected into the ice, λe can be understood as distance from the injection point at which the
cloud center comes to a halt. The effective scattering length depends on the wavelength. A typical
value for the effective scattering length used in the likelihood-based reconstruction is 33m.
The absorption in ice is denoted by the absorption length λa, which corresponds to the mean free
path of a photon in ice before it is absorbed. The absorption length depends on the wavelength and
generally comprises absorption by dust particles and the ice itself. However, in the wavelength
range from ∼200 nm to ∼500 nm absorption is almost entirely dominated by the depth-dependent
dust grain concentration in the ice. The typical value for the absorption length used in the
reconstruction is 98m. This is the average value over depths from 1.5 to 2.5 km.
The properties of the ice have been measured with pulsed and continuous light sources embedded
in the AMANDA-II and IceCube detectors. A good account of these measurements and ice
description used with the AMANDA-II detector can be found in [AAB+06a]. Further input
data come from several sources. During the drilling of several IceCube holes a device called
“dust logger” was lowered into the water-filled holes before deploying the instrumented detector
strings [W+07]. From these measurements the dust concentration as a function of depth has
been extracted with a spatial resolution of about 2mm. These dust concentration measurement,
however, only reaches a maximum depth of about 2100m. Although no deep ice core has been
drilled at the South Pole the data measured elsewhere in Antarctica can be extrapolated to the
South Pole to provide dust concentration measurements down to the bottom of the glacier (at a
depth of ∼2800m) [B+10].
Ice Models The optical properties of the South Pole glacier have to be taken into account
in the event simulation and reconstruction in the form of modeling the wavelength dependent
absorption and scattering in a so-called ice model. Most ice models use a horizontally layered ice
structure as this is required by Photonics (see Sec. 4.8.3). Only recently a model with a tilted
layer structure has been developed [AAA+13b] which can, however, only be used with direct
photon propagation codes. Studies on asymmetries in the scattering behavior are also ongoing.
Most of the Monte Carlo simulations in this work uses the SPICE I model [C+10] which is a
fit of the ice parameters to the data recorded using the flasher LEDs in the IceCube DOMs (see
Sec. 4.2). An earlier ice model, called the AHA model, is described in [AAB+06a]. Both models,
together with the older Millennium model, are shown in Fig. 4.8.
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Figure 4.6.: Scattering coefficient measured with the AMANDA detector (top) and dustlogger
data taken before IceCube string deployment (bottom). The number of scattered
photons can be used to calculate the dust concentration as a function of depth in the
ice. The peaks marked A, B, C and D correspond to historic periods of high dust
concentration in the atmosphere caused by volcanic activity. Peak D, at a depth of
around 2000m, is the biggest dust layer and is located roughly in the middle of the
depth range covered by the IceCube detector.
Figure 4.7.: Ice properties as measured with the AMANDA-II detector as function of depth. The
strong depth dependence of scattering and absorption is clearly visible. The layer
structure arises from the deposition of volcanic ash on the ice surface at times back
to ∼ 70000 years ago (which corresponds to a depth of ∼ 2200m (see [PWC00]).
Plot taken from [AAB+06a].
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Figure 4.8.: Absorption coefficient a (left) and effective scattering coefficient be (right) for
different ice models at a wavelength of λ = 400 nm in detector coordinates (z = 0m
is at a depth of around 1940m and denotes the center of IceCube). The millennium
model was derived from measurements with the AMANDA detector. To improve its
accuracy below z = −200m, ice core data obtained at East Dronning Maud Land,
Antarctica has been extrapolated to the South Pole, resulting in the AHA model.
Measurements with flashing LEDs in IceCube suggest, however, that the peaks and
valleys are more pronounced than indicated by this extrapolation. The SPICE I
model that incorporates this flasher LED data was employed for most Monte Carlo
simulations in this work.
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4.8. Simulation
Monte Carlo event simulations are a very important tool in modern particle and astroparticle
physics, especially in the search for new or very rare event signatures. In the absence of a “standard
candle” for the type of signal one is looking for, Monte Carlo simulations are needed e.g. to define
triggers, to develop event selection schemes, to develop and characterize reconstruction algorithms
and to estimate event selection efficiencies and sensitivities. As no beam of high-energy neutrinos
is available Monte Carlo studies are used, extensively in IceCube.
4.8.1. Event Generation
Background Events
For neutrino searches, muons produced in cosmic ray induced air showers are the dominant
background in IceCube. They trigger the detector with a rate ∼ 106 times higher than atmospheric
neutrinos. Cosmic-ray air showers are simulated using a patched version of the CORSIKA
program (see [HKC+98]). One of four seasonal atmospheric profiles is randomly selected for
each event. The cosmic ray primaries are sampled from the phenomenological Polygonato
model (see [Hoe03]). The background datasets used in this work where produced with the
Sybill [EGLS92] hadronic interaction model. A a sizable fraction of events in the IceCube
detector include several muons from distinct air showers. These so-called coincident air shower
events are simulated as well.
Signal Events
Neutrino events are simulated with a simulation program called neutrino-generator, which is
a wrapper around the Monte Carlo generator ANIS (see [GK05]). ANIS generates neutrinos,
propagates them through the Earth and finally forces them to interact in a volume around the
detector. It can simulate all three neutrino flavors and takes into account regeneration of ντ during
propagation through the Earth. To make the neutrino event generation more computing-efficient,
neutrinos are forced to interact in an interaction volume around the detector. The probability that
this happens is taken into account in an event weight. As different primary neutrino spectra are
needed by different analyses, one usually simulates a generic primary spectrum dN/dEν ∼ Eγν
where γ = −1 or γ = −2. The events can be re-weighted to the desired spectrum for each analysis.
The output of the neutrino-generator in the case of a charged current νμ interaction are a muon
produced at the interaction vertex and the accompanying hadronic cascade. The cascade is not
simulated in detail.
Neutrino Monte Carlo generators for high-energies rely on the extrapolation of the measured νN
structure functions (see e.g. [LHK+00]) to calculate cross sections resulting in an uncertainty at
the highest energies ( 1016 eV). For the accurate simulation of low energy events (<100GeV),
needed e.g. for neutrino oscillation measurements using the Deep Core array, a dedicated program
called Genie is used (see [ABB+10]).
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4.8.2. Muon Propagation
The simulation of the muon propagation and the muon energy loss is essential to obtain the light
distribution in the detector. In IceCube a software package called MMC [CR04b] is employed for
that purpose. MMC calculates the continuous energy loss of the muon as well as the stochastic
losses due to bremsstrahlung, pair production, photonuclear interactions and delta electrons
(see Sec. 3.2.2). The probabilities for the respective energy losses are sampled from tabulated
energy-dependent cross sections. All stochastic losses are recorded. Once the muon energy
passes below a user defined threshold (below which it is no longer be detectable by IceCube) the
tracking is stopped.
4.8.3. Photon Production and Propagation
The Cherenkov light emission of a muon moving through ice has two different contributions. One
is the Cherenkov light emitted by the muon itself. The other is the Cherenkov light emitted by the
secondary particles produced in the stochastic energy losses of the muon (e.g. an electromagnetic
cascade initiated by an e+/e− pair produced by pair- production). The Cherenkov light yield
and emission profile of electromagnetic and hadronic cascades have been parametrized from
GEANT4 [AAA+03] simulations [Wie95, RW12]. The Cherenkov light yield and emission
profile of the bare muon can be calculated from first principles.
To obtain the photon hit times in the individual optical modules from the light emission produced
by a certain muon track, different approaches are used. Most IceCube Monte Carlo uses tabu-
lated photon intensities and time distributions produced with the Photonics software package
(see [LMB+07]). These tables contain the photon arrival time distributions and the mean number
of expected photons for a given angle and distance of a DOM to a muon track. During the
table generation, the group velocity ng, the phase velocity np, the effective scattering length
λe, and the absorption length λa are taken into account as a function of wavelength and depth.
The Photonics tables are produced by tracking a huge number of individual photons for a given
emission hypothesis. The resulting probability density functions are binned (e.g. as a function
of the distance of the receiver to the track) and interpolated when used. Photonics assumes a
horizontally layered ice structure and thus does not work with tilted ice layers. To reduce the
systematic errors caused by the binning used in the tables and to limit the amount of computing
memory needed to load these tables, recently smooth spline interpolations have been developed
(see [WvL13]).
To circumvent the restriction to horizontally layered ice and to remove the artifacts caused by the
binning and interpolation of probability density functions, direct photon propagation software
has been developed. This software uses the massive computing capacities of Graphics Processing
Units (GPUs) that has become available in recent years. This makes it possible to simulate the
propagation of individual photons for each event. It is currently still unfeasible to use this code
for the mass production of high-energy neutrino simulation as the number of emitted photons
scales roughly with the energy of the muon and the required computing power exceeds event the
GPU resources.
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4.8.4. Detector Simulation
The detector simulation is concerned with the response of the PMTs to detected photons, the
digitization of the PMT waveform in the DOM, and the trigger system.
Simulation of the Photomultipliers The simulation of the PMT response to photons uses a
software module called pmt-simulator. It takes the individual PMT high voltage into account
to simulate the response. It furthermore inserts pre- and after- pulses as well as noise hits and
considers saturation of the PMT. The output of this module is a collection of so-called I3Waveform
objects.
Simulation of the Digital Optical Modules A software module called DOMsimulator is
concerned with the simulation of the DOM main board response to the waveform generated by
the pmt-simulator. DOMsimulator simulates the main board trigger logic, ATWD and FADC
digitization and the local coincidence logic. The waveform droop produced by the inductive
coupling of the PMT to the main board is taken into account as well as digitizer saturation. The
output of the module is a collection of I3DOMLaunch objects.
Simulation of the Trigger System The stream of I3DOMLaunch objects produced by the
DOM simulation is subjected to the same trigger conditions as the actual detector data. Also, the
readout window padding and event merging is implemented with the same logic.
The final result of the simulation chain is a simulated event that provides the same data as an
actual event from the IceCube detector.
4.9. Event Signatures in IceCube
The three neutrino flavors and the different interaction types (charged current versus neutral
current) will generate different event signatures in the detector. These can be divided into
track-like events, cascade-like events and mixed event signatures. They will be described shortly.
Track-like Events Track-like events are generated by charged current νμN interactions which
produce muons that traverse the detector. The geometry of Cherenkov light emission enables
a good directional reconstruction. The achievable angular resolution with respect to the initial
neutrino depends on the track geometry (i.e. the length of the track in the detector volume) and
the energy of the muon. At low energies the resolution is limited by the scattering angle of the
muon with respect to the neutrino.
Depending on the energy of the muon and its point of production it deposits a fraction of its
energy inside the detector. Only the lowest energy events with an energy  10GeV can be fully
contained inside the detector volume. Measuring dE/dx for muons not fully contained inside the
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active detector volume provides a lower bound on the energy of the incoming neutrino. However,
the resulting energy resolution is limited (see [CZ07]).
Cascade Events Cascade events are produced by charged current νe/τN interactions (electro-
magnetic and hadronic cascade), νx-e scattering (electromagnetic cascade) and neutral current
νxN interactions (hadronic cascade). The particle cascades deposit their energy in a very small
volume. Only at energies > PeV the electromagnetic shower becomes significantly elongated due
to the Landau-Pomeranchuk-Migdal (LPM) effect [LP53]. Electromagnetic cascade events that
are contained in the fiducial volume of the detector enable a calorimetric energy measurement
that results in a very good energy resolution. On the other hand, the isotropization of photons
from the almost point-like emission of Cherenkov light severely constrains the angular resolution
of these events.
Mixed Event Topologies The charged current interaction of ντ can result in event topologies
that are a mix of track-like and cascade-like events. Due to the very short lifetime of the τ
(2.9 × 10−13 s) even τ’s of very high energies are going to decay before they lose all their energy.
Only τ leptons with an energy > O(1 PeV) will propagate far enough to enable the separation
of the production and decay vertices. Events for which this separation is not possible are
indistinguishable from νe-induced cascades.
The τ is the only lepton that can decay hadronically, resulting in a second hadronic cascade at the
decay vertex. Decays to charged leptons (either e or μ) result in the production of a new ντ. This
process is called ντ-regeneration. It makes the Earth transparent for ντ of the highest energies.
Electrons or positrons from the τ-decay will immediately initiate an electromagnetic cascade,
whereas muons will produce a track-like signature in the detector and thereby mimic a νμ induced
track. The energy of the initial τ-lepton, the relative positions of the primary ντ interaction vertex,
the secondary decay vertex and the resulting lepton (in the case of a leptonic decay) with respect
to the active detector volume result in a multitude of different event signatures.
For the purpose of this work, which is the search for time-dependent emission from neutrino point
sources, only track-like signatures are considered as their superior angular resolution is required.
4.10. Statistics
4.10.1. Effective Area
The effective area of a detector is defined as the cross-sectional area of a 100% efficient detector
that would register the same number of events in a given energy interval and zenith region. In the
case of the IceCube detector the effective area is strongly energy and zenith angle dependent due
to the energy dependence of the neutrino-nucleon cross section (see Sec. 3.2.1). As the effective
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area Aeff is estimated from weighted neutrino Monte-Carlo simulations it can be calculated as
Aeff(E, θ) =
∑
sel
wi
∑
gen
wi
Agen (4.14)
where the wi are the event weights of the selected (sel) and generated (gen) events in a certain
energy range and zenith region. Agen is the area over which the generated events have been
distributed. Figure 5.9 shows the effective area for the final selection level of the analysis
presented in this work.
Given the effective area Aeff(E, θ) the expected event rate from a signal flux Φ(E) = dNdE dt can be
calculated as
N˙ =
Emax∫
Emin
Aeff(E, θ)Φ(E)dE . (4.15)
4.10.2. Statistics of Counting Experiments
The ultimate goal of a neutrino point source search is to measure a number of signal events ns
from a source. In the binned search method, which is currently used in the Neutrino Triggered
Target of Opportunity Program, this number can be derived from the number of detected on-
source events nobs and the number of expected background events nbg. As the hypothetical signal
contribution is small the number of expected background events can be directly inferred from the
data, by averaging the event rate in a zenith band around the on-source bin. This corresponds to
the “On-Off” methodology used by γ-ray telescopes. As each measurement is afflicted with a
statistical error a confidence interval [nls, n
u
s ] for the true value nstrue is the final outcome of the
measurement, when ignoring systematic errors.
Neyman Construction of Confidence Intervals Given a detected number of events nobs
and an expected number of background events nbg for each possible value of ns an interval [n1, n2]
can be found so that
P(n1 < nobs < n2|ns, nbg) = α ≤
n2∑
n=n1
P(n|ns + nbg) (4.16)
where P(n|ns) denotes the Poisson distribution
P(k|λ) = λ
k
k!
exp(−λ) (4.17)
and α the confidence level. The confidence interval on ns is then given by the interval [nls, n
u
s ] so
that for all nls ≤ ns ≤ nus the number of observed events nobs is contained in the interval [n1, n2]
when constructed according to Eq. 4.16. A problem arises from the fact that the intervals [n1, n2]
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are not unique, common choices are e.g. the central interval so that P(n < n1|ns, nbg) = P(n >
n2|ns, nbg) or the upper confidence limit so that P(n > n2|ns, nbg) = 1 − α and n1 = 0 .
The central requirement on the confidence interval [nls, n
u
s ] is that contains the true value n
true
s in
a fraction α of cases if the experiment is repeated a lot of times. This property is called proper
coverage. However, as ns is bound to be positive, in the case that nls ≤ 0, often nus is reported as
the upper limit of the measurement. However, deciding after the experiment to report a confidence
interval (e.g. if the significance of the measurement crosses some predefined threshold) or an
upper limit leads to wrong coverage. This problem is called flip-flopping and can be avoided by
the Feldman-Cousins unified approach to confidence intervals described in [FC98]. The method
also avoids the problem of empty confidence intervals, e.g. in the case of nobs = 0 while nbg > 0 .
Feldman-Cousins Construction of Confidence Intervals The Feldman-Cousins construc-
tion provides a prescription how to construct the intervals [n1, n2] defined in Eq. 4.16 for a given
ns . For each n the ratio of the likelihood of obtaining n events, given the actual ns and the
likelihood of observing n events given the best physically allowed mean nmaxs + nbg
λ =
P(n|ns + nbg)
P(n|nmaxs + nbg) (4.18)
is calculated where nmaxs is the ns, which maximizes P(n|ns + nbg). If ns is limited to physically
allowed values only (i.e. ns ≥ 0) we obtain nmaxs = max(0, n − nbg). The interval [n1, n2] is then
expanded to include the values n in decreasing order of λ until the sum
n2∑
i=n1
P(i|ns + nbg) ≥ α . As
in the case of the Neyman construction the confidence interval on ns is then given by the interval
[nls, n
u
s ] so that for all n
l
s ≤ ns ≤ nus the number of observed events nobs is contained in the interval
[n1, n2] when constructed according to the likelihood ordering principle.
Sensitivity Given an expected number of background events nbg, the number of actually
observed events nobs follows a Poisson distribution P(nobs|nb) if no signal contribution is present
(i.e. ns = 0). For any particular observed nobs drawn from that distribution one obtains an upper
limit nus according to the Feldman-Cousins construction. A quantity called the average upper
limit (often also called sensitivity) can be defined as the average over the probabilities for the
experimental outcomes:
〈
nus
〉
=
∞∑
nobs=0
nus (nobs, nbg)P(nobs|nbg) . (4.19)
In this work sensitivities are calculated for the confidence level α = 90% .
The average upper limit on the number of signal events
〈
nus
〉
can be translated into an average
upper limit on the signal flux using the event rate N˙ = dN/dt for a specific neutrino flux Φ(E)
and the observation time tobs:
Φsens =
〈
nus
〉
N˙ · tobs
Φ . (4.20)
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The sensitivity for a specific flux model is often used as a figure of merit in a neutrino event
selection (see e.g. Sec. 5.3.2).
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This section describes the online neutrino selection that is the basis for the Neutrino Triggered
Target of Opportunity Program (NToO). The event selection takes place in several steps, called
“levels” in IceCube.
The Muon Filter (see Sec. 5.1) constitutes the first filtering level. It is a standard IceCube filter
and not specific to the program presented here. The subsequent Online Level 2 filter (see Sec. 5.2)
is based on the input from the Muon Filter and was specifically developed to enable online
analyses. Currently the Online Level 2 filter forms the basis of the Optical Follow-Up program
(see [AAA+12d]) and the NToO program presented in this work. Based on cut variables calculated
from the Online Level 2 filter, an online neutrino event selection was implemented (see Sec. 5.3).
5.1. Muon Filter
The Muon Filter is the basis for the standard IceCube muon neutrino analysis, e.g. the searches
for neutrino point sources, searches for neutrinos from Gamma-Ray Bursts and measurements
of the atmospheric muon neutrino flux. The filter aims to select well reconstructed muon tracks
from the full sky. The input of the Muon Filter are all events that trigger the Simple Multiplicity
Trigger (see Sec. 4.3). The Simple Multiplicity Trigger has a rate of approximately 2500Hz,
of which about 45Hz pass the Muon Filter. For analyses which focus on low energy events
(Eν < 103 GeV) dedicated filters exist that take advantage of the low-energy capabilities of the
DeepCore infill array. These low-energy filters also make use of dedicated trigger conditions (see
Sec. 4.3).
The Muon Filter setups for the IceCube 2011/2012 season and the 2012/2013 season are explained
in detail in [K+10] and [G+12] respectively. The filter will thus be described only briefly here.
5.1.1. Reconstructions
The track reconstructions and cuts applied in the Muon Filter have been very stable over the
last years. Improvements to reconstruction algorithms, changes in the available satellite transfer
bandwidth or changes in the data serialization format lead to small adjustments from season to
season.
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Season 2011/2012
All events triggering the Simple Multiplicity Trigger were reconstructed with the Linefit first-
guess algorithm as described in Sec. 4.5.2. The result from this track fit formed the input to a
SPE track fit (see Sec. 4.5.3). The Muon Filter decision was based on variables calculated from
the SPE fit.
Season 2012/2013
In 2012/13 an improved Linefit algorithm was used (see Sec. 4.5.2).
5.1.2. Event Selection Cuts
The Muon Filter divides the sky in two regions where it applies different selection techniques
to remove background events. In the up-going region (θ ≥ 78.5°) the background events are
muons mis-reconstructed as up-going (or slightly above the horizon) which in fact originate
from cosmic ray induced air showers. The main handle to remove these events are parameters
characterizing the reconstruction quality of the event. In the down-going region (θ < 78.5°)
signal and background events have the same signature, namely high energy muon tracks. As
the energy spectrum of muons in cosmic ray air-showers (Φ(E) ∼ E−3.7) is much steeper than
the searched-for signal spectra, cuts on energy related variables are an efficient way to reduce
this background. However, as the currently the NToO is only implemented for θ > 90° the event
selection cuts in the upgoing region won’t be described in detail.
Up-going Region
In the up-going region (θ ≥ 78.5°) the Muon Filter uses a cut variable derived from the value of
the likelihood of the SPE track fit (see Sec. 4.5.3) The definition of the cut variable is similar
to the reduced log-likelihood of the fit. All events which are reconstructed with a zenith angle
θSPE ≥ 78.5° and that fulfill
maxLSPE/(NDOM − 3) ≤ 8.7, (5.1)
where NDOM denotes the number of hit DOMs in that event, pass the filter. The efficiency of the
Muon Filter for atmospheric neutrinos is about 87%. Neutrinos following a spectrum of the form
Φ(E) ∼ E−2 are selected with an efficiency of about 93%. The cuts remained unchanged between
the IceCube seasons of 2011/2012 and 2012/2013. The total event passing rate of the Muon Filter
amounts to approximately 45Hz, about 18Hz are reconstructed with θSPE > 90°.
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5.2. Online Level 2 Filter
While the Muon Filter provides a sample of neutrino candidate events it is still heavily background
dominated (compared to the atmospheric neutrino rate of about 10mHz at the trigger level). In
order to apply further cuts with a high signal efficiency, more elaborate reconstructions with an
improved angular resolution are needed. Further reconstructions that e.g. estimate the angular
reconstruction uncertainty are also helpful for following analyses. The combination of additional
reconstructions and event selection cuts is referred to as the “Online Level 2 Filter”.
5.2.1. Reconstructions
The SPE fit used as an input to the Muon Filter has a limited angular resolution compared to
an MPE fit. Both fits are compared in Fig. 5.1. During the first season of running the IceCube
detector in its full 86-string configuration (from May 2011 till May 2012), the limited CPU
resources at the South Pole prohibited applying more resource-intensive reconstructions to all
events that passed the Muon Filter. Therefore event selection cuts had to be applied to the events
passing the Muon Filter before additional reconstructions could be run. The computing resources
at the South Pole were expanded ahead of the second full season of IceCube in its 86-string
configuration (from May 2012 till May 2013). This expansion made it possible to run some
reconstructions (a two-iteration SPE fit and the MPE fit) before applying the Online Level 2 cuts.
(a) (b)
Figure 5.1.: Median angular resolutions in the 2011/2012 season for a neutrino sample after
the Muon Filter and after the Online Level 2 Filter. The MPE fit which is applied to
events passing the OnlineL2 Filter improves the angular resolution.
5.2.2. Selection Cuts
The cuts of the Online Level 2 filter were designed such that this filter provides a very generic
event sample, that could be used for different analyses. Therefore, the cuts chosen should
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be simple and stable. The selected events are a strict subset of the Muon Filter events. All
reconstructions and cut variables applied before and after the Online Level 2 filter are stored and
transferred via satellite to the North for all events that pass the filter.
“Up-going Region”
The main criterion to distinguish the mis-reconstructed atmospheric muon background from
the neutrino events are quality parameters of the reconstructed track. Several variables derived
from the single-iteration SPE fit have been used to identify these well reconstructed tracks and
to suppresses mis-reconstructed air-shower muons during the 2011/2012 season. During the
2013/2013 season these variables have been derived from the MPE fit.
Reduced Log-Likelihood In a maximum-likelihood fit the value of the likelihood at the maxi-
mum divided by the number of degrees of freedom of the fit is a measure of the fit quality [BL98].
For the SPE and MPE track fits employed in the Online Level 2 filter the reduced log-likelihood
RLogL can be written as
RLogL =
− logLmax
NDOM − 5 (5.2)
where NDOM denotes the number of hit DOMs in the event. It has been shown empirically that
this variable, however, is energy dependent for the track fits employed in IceCube. Thus a cut on
this variable introduces a bias against well reconstructed low-energy events. In order to reduce
the energy dependence a modification is used where the log-likelihood value is instead divided by
NDOM − 2:
PLogL =
− logLmax
NDOM − 2 . (5.3)
In addition to a smaller energy dependence this cut variable also shows a higher signal efficiency
at a fixed background passing rate compared to the traditional reduced log-likelihood.
Number of Direct Hits Another measure of the track quality is the number of DOMs that have
registered a hit with a very small time residual tres ∈ [−15 ns, 75 ns] with respect to the arrival
time expected for Cherenkov emission from the fitted muon track (see Sec. 4.5.3). Such hits
are said to be a “direct hits”. The number of direct hits NDir is calculated using only the first
registered photon in each DOM. A photon causing a direct hit has undergone less scattering in
the ice and thus can contribute more information to the directional reconstruction. The number of
direct hits is therefore related to the quality of the track reconstruction.
Direct Length In a rotated coordinate system where the x-axis is given by the fitted track
direction a quantity called “Direct Length” can be defined as
LDir = | max
Direct hits
x − min
Direct hits
x| (5.4)
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where the minimum and maximum are calculated over all direct hits as defined in the previous
paragraph.
The hits defining the direct length are caused by the least scattered photons and hence contribute
the most to the reconstrution. The bigger LDir, the longer is the lever arm of the reconstruction
and the smaller is usually the reconstruction error. Therefore, selecting events with bigger LDir
selects the events most valuable for a point source analysis.
Cut Combination The cut variables described in the previous paragraphs have been combined
to achieve a good background rejection as well as a good signal efficiency. Events that are
reconstructed as up-going (θSPE > 85°) and fulfill
PLogL ≤ 7.3 or NDOM > 70 or
(
LDir[m]
180
)2
+
(NDir
10
)2
≥ 1 (5.5)
are selected by the Online Level 2 filter. The cut on the number of hit DOMs (NDOM > 70) was
added to ascertain that high energy events, even when reconstructed with a bigger directional
error, always pass the filter. The dependence of the filter rate on the combination of LDir and NDir
is shown in Fig. 5.2.
Rates and Efficiency Due to seasonal variations in the atmospheric density profile the total
rate varies by about 20% over the course of the year (see Fig. 6.14).
Cut E−1 E−2 E−3
L2 UpGoing 93 (99) 85 (98) 80 (97)
Table 5.1.: Efficiency of the Online Level 2 Filter in the 2011/2012 season with respect to the
Muon Filter (in %). Number in parenthesis give the efficiencies for events with
ΔΨMPE < 3◦).
The efficiency of the Online Level 2 filter for different signal spectra is listed in Tab. 5.1. It is
worthwhile to note that the efficiency is greater than 96% for well reconstructed events (ΔΨ < 3°)
originating from a soft spectrum with Φ(E) ∼ E−3. The filter efficiency with respect to the Muon
Filter as a function of the primary neutrino energy is shown in Fig. 5.3. It can be observed that
the selection efficiency generally increases with the primary energy. However, events that are
reconstructed within 3° of their true direction are selected with more than 90% efficiency over
the whole energy range.
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Figure 5.2.: Histogram of a variable calculated from the direct length and the number of directs
hits in an event in order to discriminate between misreconstructed muons and signal
events for the Online Level 2 Filter in the 2011/2012 season.
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Figure 5.3.: Efficiency of the Online Level 2 filter during the 2011/2012 IceCube season with
respect to the Muon Filter as a function of primary neutrino energy.
70
5.2 Online Level 2 Filter
5.2.3. Additional Reconstructions
The event rate of about 5Hz after the Online Level 2 filter allows to apply additional reconstruc-
tions at the South Pole. The following reconstructions (described further down, see Sec. 5.3) have
been applied:
• 2-iteration SPE-Fit1
• MPE fit, seeded with the 2-iteration SPE-Fit1
• Bayesian Fit
• Geometrical and time-based split fits
• MuE energy reconstruction (see Sec. 4.5.5)
• CramerRao resolution estimate
5.2.4. Contraints
The technical setup of the filtering system at the South Pole (see Sec. 4.4) is sensitive to the
variance of the event processing times. This rules out the usage of event reconstructions that
can occasionally take much longer than ∼5 s per event. One consequence is that the number of
iterations in the SPE fit is limited to 2. For events with many hit DOMs (>500) more fit iterations
would lead to event processing times of more than 10 seconds. As the angular resolution of the
SPE reconstruction improves only marginally beyond 2 iterations this does not limit the angular
resolution.
Another reconstruction that can not be applied due to these time constraints is the Paraboloid
fit (see Sec. 4.5.4). This fit estimates the directional uncertainty of a reconstruction by fitting
the likelihood-space around the maximum of the likelihood with a parabola. The resulting
event-by-event uncertainty estimate is the de-facto standard in the usual IceCube point-source
searches (see e.g. [AAA+11c]). The Paraboloid fit is, however, too slow to be used online. A
faster alternative exists, the so-called “CramerRao” method (see Sec. 4.5.4).
Both angular uncertainty estimates, the Paraboloid fit and the CramerRao method, show an
energy-dependent bias in the ratios of the estimated to the true angular uncertainty. This bias has
been studied more extensively for the Paraboloid fit and can thus be easily corrected for. The
behavior of the bias is less well understood for the CramerRao fit, nevertheless the bias can be
corrected. The angular uncertainty estimate is not used in the NToO as implemented up to now. It
plays, however, a crucial role in the maximum-likelihood based search (see Sec. 7.1).
1Since the 2012/2013 season this fit is applied before the Online Level 2 filter cuts to all events that passed the Muon
Filter
71
5 Online Neutrino Event Selection
5.3. Neutrino Level Event Selection
This section describes the cut variables and the optimization of the cuts for the neutrino level
event selection. First the event variables are described, then the cut optimization procedure
is explained and then the final cuts are outlined. The cuts to select neutrino events have been
developed using a part of the IceCube 2011/2012 dataset, the first season IceCube ran in its
complete 86-string configuration, and a Monte Carlo dataset based on the SPICE I ice model
for the neutrino simulation. The cuts have been applied unchanged in the 2012/2013 season,
except for the cut on the Bayesian Likelihood ratio following a bug fix in the configuration of that
reconstruction (described later in this section).
5.3.1. Cut Variables
Fit Likelihood The scaled likelihood of the track fit was introduced in Sec. 5.2.2. This variable
is one of the most powerful cut variables to identify misreconstructed muon tracks. In order to
select neutrino events, the different scaling parameters for the fit likelihood value of the MPE
fit were investigated. A scaling of the likelihood by NDOM − 3.5 produced the most efficient cut
variable to select neutrino events:
S LogL =
− logLmax
NDOM − 3.5 . (5.6)
The scaling by NDOM − 3.5 instead of NDOM − 2 as in the Online Level 2 filter showed a higher
signal efficiency at the same background rejection in combination with the other cut variables.
Direct Hits The concept of a direct hit has been introduced in Sec. 5.2.2. The cut variable used
in the neutrino level event selection is the number of hits with a time residual of [−15 ns, 75 ns]
with respect to the MPE fit.
Direct Length The concept of the direct length has been introduced in Sec. 5.2.2. The cut
variable used in the neutrino level event selection is the direct length derived from the MPE track
fit with a direct hit time window of [−15 ns, 75 ns].
Split Fits The track reconstruction for a correctly reconstructed upgoing track should be stable
against changes to the set of DOMs used for reconstruction. On the other hand, for two coincident
muons wrongly reconstructed as one upgoing track or other cases of misreconstruction, changes
to the DOM set should have a much bigger impact on the reconstructed direction. This is the
rationale for splitting the DOM set used in the reconstruction in two parts and subsequently
performing a maximum-likelihood fit on each part separately. Different criteria can be used to
split the DOM set:
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• The geometrical splitting splits the hits according to their position with respect to the center
of gravity (COG) of all hits. The center of gravity is calculated as
xCOG =
1
NDOM
NDOM∑
i=0
xi (5.7)
where xi are the positions of the individual hit DOMs. The center of gravity xCOG is then
projected on the track obtained with the MPE fit, yielding the point xprojCOG . Each hit location
is then also projected on the track and compared to xprojCOG . Hits whose projections lie on
one side of xprojCOG are sorted into one set, hits whose projections lie on the other side are
sorted into a second set.
• The time based splitting splits the hits into two sets by comparing each hit to the mean of
all hit times tmean. Hits that fulfil ti ≤ tmean are sorted into one set, hits that fulfil ti > tmean
are sorted into another set.
For each of the four subsets of hits a standard Linefit (see Sec. 4.5.2) is performed which acts as
a seed for a two-iteration SPE maximum-likelihood fit. The zenith angle θi resulting from the
SPE fit is used to define the cut variable:
ΔSplit/MPE = max
i∈split fits
(cos θi − cos θMPE) . (5.8)
Bayesian Likelihood Ratio The probability that an event selected by the Online Level 2
filter and reconstructed as upgoing (i.e. θMPE > 90°) is truly a neutrino induced muon and not a
misreconstructed air shower muon is very small (∼ 10−3). A useful cut variable can be derived by
forcing a down-going track fit and calculating the likelihood ratio to the MPE fit.
The likelihood of this Bayesian fit is calculated as the product of the MPE likelihood of the track
and a weight
w = 2.49655 · 10−7 cos θ1.67721 · exp
(
−0.778393
cos θ
)
. (5.9)
The weight w corresponds to the muon air shower flux as a function of zenith. In order to force
the numerical minimizer to reconstruct a down-going track (0 ≤ θ ≤ 90°) a penalty term is
multiplied to the likelihood for track hypotheses with θ > 90°. This penalization was wrongly
configured in the season 2011/2012 which made the fit less useful. The configuration was fixed
in the 2012/2013 season and the cut on this variable was adapted (see Tab. 5.3).
The difference of the logarithms of the Bayesian likelihood fit and the MPE fit
ΔBayesian/MPE = log10(LBayesian) − log10LMPE (5.10)
is a useful cut variable especially for events that have been reconstructed with a zenith angle close
to the horizon.
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Comparisons of Data and Simulation Figure 5.4 and Fig. 5.5 depict the distribution of
all cut variables for data, simulated atmospheric neutrinos, simulated air shower muons and a
hypothetical signal neutrino flux with Φ(E) ∼ E−2 after the Online Level 2 filter. The agreement
between the data and the background simulation is generally good.
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(d) Direct hits
Figure 5.4.: Comparison of the data from the 2011/2012 season, atmospheric neutrino simu-
lation and air shower muons of variables used to selected neutrino events after
the Online Level 2 filter. The data at this level is still heavily dominated by mis-
reconstructed air shower muons.
A good agreement between data and simulation on this level justifies to run a cut optimization
algorithm to find the best neutrino selection cuts. The corresponding plots for the 2012/2013
season are shown in Appendix A.
5.3.2. Cut Optimization
The scaled likelihood S LogL (see Fig. 5.4(c)) and the number of direct hits NDir (see Fig. 5.4(d))
show a clear transition from the background dominated regime to the signal dominated regime
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(a) Bayesian likelihood ratio close to the horizon
(θMPE < −0.2)
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Figure 5.5.: Comparison of the data from the 2011/2012 season, atmospheric neutrino simu-
lation and air shower muons of variables used to selected neutrino events after
the Online Level 2 filter. The data at this level is still heavily dominated by mis-
reconstructed air shower muons.
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with increasing cut strength (smaller S LogL values, larger NDir). However, a cut on a single
variable would yield a very low signal efficiency and hence a higher neutrino flux would be
required for a discovery. One way to improve the signal efficiency while still removing a high
percentage of background events would be a machine learning algorithm like Boosted Decision
Trees. However, complex machine learning techniques require more signal and background
simulation as was available at the start of the first season of IceCube in its 86-string configuration.
Furthermore these techniques had not been established at that time for point source searches in
the IceCube experiment. Applying them to a novel online analysis would have been ill-advised.
In order to achieve the best sensitivity possible the cuts on the variables described in the previous
section have been optimized together in different zenith angle regions. The cuts on all variables
were optimized together to achieve the lowest sensitivity (see Eq. 4.19) to neutrino fluxes with
a spectral index γ = −2 . For each combination of cut values the rate of remaining data events
was used as the approximation for the background rate. The rate of signal events for a given
flux was estimated from neutrino Monte Carlo. The cut optimization was repeated for flares of
different durations, from flare durations ranging from 1 day to 20 days. As traditional minimizers
like Minuit where found to get stuck in local minima a Particle Swarm Optimization Algorithm
was used (see [KE95]). For simplicity the minimization assumes that the flare time window is
known. In the binned point-source method the radius of the on-source bin is a free parameter.
The optimal bin size as a function of zenith depends on the angular resolution and the background
rate of atmospheric neutrinos at each zenith angle. The search bin radius has been optimized
together with the cut variables to yield the best sensitivity.
Figure 5.6 shows the resulting sensitivities as a function of zenith angle for flares with a duration
of 1 day and 10 days.
(a) 1 day (b) 10 days
Figure 5.6.: Sensitivity as a function of zenith to a neutrino flux with dN/dE ∼ E−2 for a
neutrino flare length of 1 day (Fig. (a)) and 10 days (Fig. (b)). Each plot shows the
sensitivities achieved for that particular flare length with cuts optimized for different
flare durations.“Smooth cuts” denote the optimal cuts for different flare durations.
The cuts were optimized using the 2011/2012 dataset.
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For each flare duration the optimization results in slightly different optimal cuts. Generally the
optimal cuts are softer for shorter flare durations as the sensitivity is improved by increasing
the signal passing rate at the cost of a bigger background (atmospheric neutrino) contamination.
Applying e.g. the optimal cuts for a 1 day flare to a 10 day flare results in a worse sensitivity (see
Fig. 5.6(b)). Figure 5.7 shows the optimal cut values for most employed variables as a function
of zenith angle for different flare durations.
(a) S LogL (b) Direct hits
(c) Direct length (d) Bin radius
Figure 5.7.: Optimal cut values found by a minimization procedure for different cut variables
as a function of zenith angle and different flare durations (1, 10 and 20 days). The
smooth cuts depict the final chosen cut values. The cuts were optimized using the
2011/2012 dataset.
As can be seen from the non-smooth behavior of the cut variables as a function of zenith angle, the
minimization procedure is prone to statistical fluctuations in the particular signal and background
sample used for the optimization. Thus the final set of cuts should be smooth and should be a
compromise between the optimal cuts for different flare durations.
The final set of smooth cuts resulting from the cut optimization is listed in Tab. 5.2 for the
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2011/2012 data and plotted in Fig. 5.7. As explained earlier a bug was fixed in the calculation
of the Bayesian likelihood ratio prior to the 2012/2013 season. This required changing the cut
on this particular variable for the 2012/2013 season. The resulting complete set of cuts used in
this season is listed in Tab. 5.3. Note, that only the cut on the Bayesian likelihood ratio has been
changed between the two seasons!
Region Direct hits SLogL Direct Length ΔSplit/MPE ΔBayesian/MPE
cos θMPE < −0.2 ≥ 9 ≤ 8.0 ≥ 200 < 0.5 > 150
−0.2 ≤ cos θMPE ≤ 0 ≥ 9 ≤ 8.0 ≥ 300 < 0.5 > 40
Table 5.2.: Neutrino selection cuts resulting from the cut optimization described in Sec. 5.3.2 for
different zenith angle regions (first column) for the 2011/2012 season. An event has
to fulfill all cut criteria to pass the selection (i.e. a logical “and” condition between
the cut variables is applied). The cut variables are defined in Sec. 5.3.1.
Region Direct hits SLogL Direct Length ΔSplit/MPE ΔBayesian/MPE
cos θMPE < −0.2 ≥ 9 ≤ 8.0 ≥ 200 < 0.5 No cut
−0.2 ≤ cos θMPE < −0.07 ≥ 9 ≤ 8.0 ≥ 300 < 0.5 No cut
−0.07 ≤ cos θMPE < −0.04 ≥ 9 ≤ 8.0 ≥ 300 < 0.5 > 35
−0.04 ≤ cos θMPE ≤ 0 ≥ 9 ≤ 8.0 ≥ 300 < 0.5 > 40
Table 5.3.: Neutrino selection cuts for the 2012/2013 season adapted from the cut optimization
done for the 2011/2012 season. An event has to fulfill all cut criteria to pass the
selection (i.e. a logical and condition between the cut variables is applied). The cut
variables are defined in Sec. 5.3.1.
The search bin radius as a function of zenith angle (see Fig. 5.7(d)) has been parametrized as:
r = 1.2◦ + 1.4◦ · cos θ . (5.11)
5.4. Properties of the Neutrino Sample
This section discusses the properties of the final neutrino sample. As the results of the NToO
presented in this work are derived from the 2012/2013 dataset, the figures for this data are shown
here. Equivalent plots for the 2011/2012 data, that was used for the cut optimization, can be
found in Appendix B.
5.4.1. Angular Resolution
Figure 5.8 depicts the median angular resolution of the final neutrino sample for the 2012/2013
season as a function of neutrino energy and as a function of neutrino zenith angle.
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(a) (b)
Figure 5.8.: Median angular resolutions for the final selected neutrino sample of the 2012/2013
season as a function of neutrino energy (Fig. (a)) and zenith angle (Fig. (b), assum-
ing a primary neutrino spectrum with Φ(E) ∼ E−2). The bars depict the 25th and
75th percentile of the resolution.
5.4.2. Efficiency and Effective Areas
Figure 5.9 depicts the effective area for muon neutrinos as a function of neutrino energy in
different declination regions.
It is worthwhile to note that the effective area reaches only about 1m2 at 1000GeV. For events
with declination between 10° and 30° the effective area reaches a maximum of about 1000m2 at
106.5 GeV and begins to drop above 107.5 GeV due to absorption of neutrinos in the Earth. Only
for neutrinos very close to the horizon (0° ≤ δ ≤ 10°) and for neutrino energies greater than
108 GeV the effective area reaches 104 m2.
The efficiency of the event selection cuts with respect to the Online Level 2 are depicted in
Fig. 5.10 for all events (dashed) and events that have been reconstructed within 3◦ of their true
direction. Well-reconstructed events are selected with an efficiency of more than 60% above
1 TeV, the peak efficiency of about 80% is reached between 100TeV and 10 PeV.
E−1 (ΔΨMPE < 3◦) E−2 (ΔΨMPE < 3◦) E−3 (ΔΨMPE < 3◦)
54% (71%) 54% (73%) 32% (53%)
Table 5.4.: Efficiency of the neutrino selection cuts with respect to the Online Level 2 filter (in
%) for the 2012/2013 season. The efficiencies for well reconstructed events (defined
as events with ΔΨMPE < 3◦) are given in parantheses.
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Figure 5.9.: Effective area of the final neutrino selection for the 2012/2013 dataset. The strongly
energy dependent neutrino-nucleon cross section leads to the observed behavior of
an effective area that is generally increasing with energy, until neutrino absorption
becomes too strong. For bigger declinations the effect of neutrino absorption sets in
at lower energies due to the longer path through the Earth.
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Figure 5.10.: Efficiency of the neutrino selection cut with respect to Online Level 2 for all events
(blue, solid line) and events with ΔΨMPE < 3◦ (red, dashed line).
5.4.3. Sensitivity and Discovery Potential
Figure 5.11 shows the sensitivity of the final sample for neutrino flares with a spectrum Φ(E) ∼
E−2 and flare durations of ten days (Fig. 5.11(b)) and one day (Fig. 5.11(a)). It is important to
note that this is not the sensitivity achieved by the Neutrino Triggered Target of Opportunity
Program as the sensitivity plotted here requires precise knowledge of the flare time window.
Compared to Fig 5.6, which depicts the sensitivity for the 2011/2012 dataset, only small changes
in the region cos θMPE < −0.8 are visible.
5.4.4. Data vs. Simulation: Comparison at Neutrino Level
Figure 5.14 shows the distribution of the reconstructed zenith angle (θMPE) for the neutrino level of
the complete 2012/2013 data, compared to simulated atmospheric neutrinos and atmospheric (air
shower) muons. The total data rate amounts to 2.06mHz, while the predicted rate of atmospheric
neutrinos is 1.88mHz. The predicted rate of atmospheric muons at this cut level is 0.08mHz. The
agreement between the data and the atmospheric neutrino prediction is very good in the zenith
region −1 ≤ cos θMPE ≤ −0.3 . Closer to the horizon the data rate is systematically higher than
the predicted atmospheric neutrino rate, with the disagreement increasing towards the horizon.
Muons from air showers surviving to that cut level seem to show up preferentially in the zenith
region close to the horizon. The muon contamination from air shower events can also be seen in
the plots of the cut variables (Fig. 5.12 and Fig. 5.13). The remaining air shower muons show
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(a) (b)
Figure 5.11.: Sensitivity to neutrino flares with a spectral index γ = −2 and a duration of 1 day
(Fig. (a)) and 10 days (Fig. (b)) as a function of cos θ.
up preferentially close to the cut boundary, e.g. the lower bound of the cut on the direct length
(see Fig. 5.12(b) and Fig. 5.12(a)). This region close to the cut boundary also shows the biggest
excess of data over expected atmospheric neutrinos.
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(b) Direct length close to horizon (θMPE < −0.2)
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(d) Direct hits
Figure 5.12.: Comparison at the neutrino level of the distribution of the used cut variables for
the complete 2012/2013 dataset, atmospheric neutrino simulation and simulated
air show muons (Corsika).
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(a) Bayesian likelihood ratio close to the horizon
(θMPE < −0.2)
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Figure 5.13.: Comparison at the neutrino level of the distribution of the used cut variables for
the complete 2012/2013 dataset, atmospheric neutrino simulation and simulated
air show muons (Corsika).
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Figure 5.14.: Comparison of the distribution of the reconstructed zenith angle (cos θMPE) for the
complete 2012/2013 dataset, atmospheric neutrino simulation and simulated air
shower muons (Corsika).
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6. The Neutrino Triggered Target of
Opportunity Program
This chapter describes the technical design and implementation of the Neutrino Triggered Target
of Opportunity Program. After motivating the program, the technical challenges posed by
operating online at the South Pole are described. The technical solutions are explained, special
emphasis is put on the monitoring of the detector and the alert system.
6.1. Motivation and Overview
The first and major goal of the Neutrino Triggered Target of Opportunity Program (NToO) is
to increase the availability of simultaneous neutrino and high-energy γ-ray data for periods of
interest. As described in Sec. 2.3.5 periods of elevated emission (“flares”), both in γ-rays and
neutrinos, are of particular interest to understand the emission mechanism. Imaging Air-Shower
Cherenkov Telescopes (IACT), however, have a small field of view and a limited duty cycle
(see Sec. 2.5). These constraints limit the amount of time that these instruments can dedicate to
long-term monitoring of variable sources. If a neutrino flare from an astrophysical object (e.g. an
AGN) would be detected by IceCube it is unlikely that this source will have been monitored
with an IACT at the same time. Thus in this case the chance to better understand the source
emission by combining different messengers is lost. In order to ensure the availability of neutrino
observations and almost simultaneous high-energy γ-ray data for periods of enhanced source
activity, a trigger from a neutrino telescope is needed.
The second goal of the NToO is to increase the discovery potential for time-variable point sources
of neutrinos with IceCube. The detection of a high-energy γ-ray flare with an IACT triggered
by an alert from IceCube can help establishing the neutrino signal even if it is not significant
enough on its own to qualify as a discovery. However, this requires a decent knowledge of
the a-priori probability to observe the source in a high state of γ-ray emission. Currently the
flux state distribution is only reasonably well measured for very few blazars, e.g. Markarian
421 (see [TBS+10]). Monitoring programs with smaller IACTs may cure this handicap (see
e.g. [DBB+13]).
In order to be able to send nearly-real-time alerts to high-energy γ-ray telescopes, the search
for neutrino flares has to be performed online at the South Pole. As the NToO is the first online
analysis in IceCube searching for neutrino flares from point sources on timescales longer than a
couple of seconds, it has to be proved that such an analysis can be done efficiently and reliably.
Simplicity and robustness of implementation should take precedence over novel algorithms.
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The Neutrino Triggered Target of Opportunity Program presented in this work uses the IceCube
neutrino telescope to monitor a list of predefined source candidates for neutrino flares. As flares in
the TeV γ-ray regime last up to a couple of days (see e.g. [TBS+10]), the neutrino flare search is
restricted to a maximum duration of 21 days, based on the premise that neutrino and high-energy
γ-ray flares are produced by the same physical processes. If the statistical significance of a
temporal cluster of neutrinos detected in the vincinity of a monitored source candidate crosses
a predefined threshold, an alert message will be forwarded to the IACT partner experiments. It
is important to ensure that alerts will only be sent during stable running conditions. Therefore,
an effective real-time monitoring of the stability of the data taking and processing is necessary.
In addition the alert generation system itself needs to be monitored to ensure its continuous
operation and reliability.
6.2. Technical Challenges
Typical IceCube analyses operate on the data well after it has been collected at the South Pole.
For example, searches for neutrino point sources are performed or updated in yearly intervals.
Thus the analysis tools and techniques can be tuned to the particular analysis. Within an offline
analysis computing power is usually not constraining the track reconstructions and statistical
methods. An online alert system, like the one described here, however, has a different general
setup that requires compromises.
This section describes the technical challenges faced by the NToO and discusses how they are
addressed.
Computing Capacity The computing capacity available at the South Pole is limited due to
constraints on the available electrical power. As described in Sec. 4.4.1, the online processing
and filtering system processes individual events on different filter clients. The processing time per
event is highly variable and generally increases with the number of hit DOMs in the event. After
the processing the Dispatch server collects the events from the filtering clients and sorts them into
the right time order, before writing them to disk. Therefore, an event which is processed much
longer than the following events leads to extensive buffering of those events. With an event rate
of about 2500Hz this becomes unfeasible for processing times beyond a few seconds. Thus the
processing time taken by each event needs to be limited. This limits the choice and the number of
additional reconstructions that can be run within the Online Level 2 filter (see Sec. 5.2) and the
NToO. It must be shown that a neutrino selection and a search for flaring sources is possible with
sufficient efficiency within these constraints.
Data Storage and Transfer In order to select neutrino induced events efficiently, additional
muon track reconstructions have to be applied. Furthermore different cut variables have to
be calculated. Ideally these reconstructions and cut variables would be stored and should be
accessible in the North for further analysis. This increases the amount of data to be transferred
from the South Pole, as well as the necessary storage capacity in the North.
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Detector Stability Monitoring An online follow-up program running with little human inter-
vention must be secured against possible problems with its input data. These problems can be
e.g. detector malfunctions that result in events that mimic neutrinos. Therefore, the stability of
the detector and the components involved in data taking has to be ensured in an automatic way.
Alert Forwarding Alerts should be forwarded to the partner telescopes quickly and reliably.
Ideally a follow-up observation should take place during the same night (if the alert arrives during
night time at the telescope site) or the following night. As explained in Sec. 4.6 IceCube employs
two different systems to transfer data to and from the South Pole. As the amount of data to be
transferred in a single alert message is very small (see Sec. 6.6.2), the ITS system, which offers
very low latencies (see Sec. 4.6), can be used. However, for a quick follow-up analysis of an alert
or a closer inspection of the events contributing to it, access to the original data is needed. This
data can currently only be provided with the delay inherent in the transfer of the filtered data.
The delay is typically on the order of 24 to 48 hours. This delay is also the reason why the event
selection and flare search for the NToO has to be implemented at the South Pole.
Alert System Reliability and Monitoring A distributed real-time alert system consisting of
different components and running largely unattended needs to be monitored. The monitoring
should be largely automated, so that automatic messages are generated in case a problem arises.
Note that this concerns different systems that the aforementioned detector stability monitoring!
6.3. Overview of the Technical Design
The NToO consists of two main subsystems, the generation of the alerts and the forwarding of
those alerts to the partner telescopes. The alert generation includes the neutrino event selection
and is implemented completely at the South Pole. The alert forwarding and monitoring system,
on the other hand, is divided between the South Pole and the IceCube computing center at the
University of Madison/Wisconsin, USA. The basic components of the NToO are depicted in
Fig. 6.1.
Components at South Pole The following components of the NToO run at the South Pole.
Each item will be described in more detail later.
• Selection of neutrino candidate events
• Monitoring of the detector stability
• Calculation of the significance of neutrino clusters
• Generation of alert and monitoring messages
Components in the North The components of the NToO running in the North are:
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• Receiving of the alert
• Forwarding of the alert to the respective parter telescopes
• Monitoring of the alert system
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Figure 6.1.: Schematic of the design of the Neutrino Triggered Target of Opportunity Program.
6.4. Generation of Alerts
This section describes how the significances of neutrino clusters in the NToO are calculated and
how the resulting alerts are generated and handled, both at the South Pole and in the northern
hemisphere.
6.4.1. Significance Calculation
The timescale of a neutrino flare is not fixed a-priori and thus the simple approach of a rolling-
time window approach is not adequate to detect flares. The time clustering approach that
was developed for an unbiased neutrino flare search [Sat10] looks for any time frame with a
significant deviation of the number of detected neutrinos from the expected background. The
simplest implementation uses a binned approach where neutrino candidates within a fixed bin
around a source are regarded as possible signal events. In order to exploit the information that can
be extracted from the estimated reconstruction error and other event properties like the energy, an
unbinned maximum-likelihood method is under development (described in Sec. 7.1).
If a neutrino candidate is detected at time ti around a source candidate the expected background
Ni, jbg is calculated for all other neutrino candidates j with t j < ti from that source. To calculate
Ni, jbg the detector efficiency as a function of the azimuth angle and the uptime has to be taken
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Figure 6.2.: Schematics of the time-clustering algorithm. For an event in an on-source bin
detected at time t7 the significances of all clusters formed with events detected up to
21 days back are calculated.
into account (see Sec. 6.4.1). The probability to observe the multiplet (i, j) by chance is then
calculated according to:
pobs =
∞∑
k=Ni, jobs−1
(Ni, jbg)
k
k!
e−N
i, j
bg (6.1)
where Nobs is the number of detected on-source neutrinos between t j and ti. It is reduced by 1 to
take into account the bias introduced by the fact that one only does this calculation only right
after a signal candidate is detected. As typical flares in high energy gamma rays have a maximal
duration of several days we constrain our search for time clusters of neutrinos to 3 weeks at
maximum. The clustering scheme is depicted in Fig. 6.2. The probability pobs is often expressed
in terms of the distance to the center of a normal distribution measured in units of standard
deviations that results in the same cumulative probability in the right tail (e.g. a probability of
log10 pobs = −2.87 is often quoted as 3σ).
If the cluster with the highest significance exceeds a certain threshold (e.g. corresponding to 3σ)
the detector stability will be checked and an alert will be sent to a Cherenkov telescope to initiate
a follow-up observation.
Calculation of Nbg
The number of expected background events Nbg in a time window [ti, t j] for a source at certain
declination is given by
Nbg =
t2∑
t=t1
Δt1,2up N˙(θ)(Φ(t)) (6.2)
where N˙(θ) is the zenith angle dependent rate of background events (see Fig. 5.14) and (Φ(t))
the azimuth dependent efficiency of the IceCube detector. The stable detector uptime between
t1 and t2 is given by t
1,2
up . During the operation of the NToO in the 2012/2013 season the zenith
angle dependent background rate N˙(θ) has been estimated using the data from the 2011/2012
season. The corresponding error is discussed in Sec. 8.4.1.
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Azimuth Asymmetry The physical layout of the IceCube detector where the instrumented
strings are positioned on a hexagonal grid (Fig. 4.1) results in an increased detection efficiency for
events that propagate along the symmetry axes. Therefore the expected number of background
events in a time window for a source at a certain right ascension depends on the azimuth angle
range covered during that time. The natural azimuth dependence is reinforced by the cut variables
that favour events that pass close to a lot of strings (e.g. direct hits and direct length). The azimuth
dependent detector efficiency is shown in Fig. 6.3.
Figure 6.3.: Azimuth dependent efficiency of the neutrino selection normalized to an average
efficiency of 1. The dependence is caused by the hexagonal layout of the grid of
IceCube strings that produces symmetry axes with increased detection efficiency.
The efficiency distribution has been estimated using the 2011/2012 dataset. The effect of the
azimuth asymmetry is only considered for clusters with ti − t j < 2 days as the contribution is
negligible for longer durations.
Uptime The stable uptime between t1,2up in a time window [t1, t2] is calculated using the online
detector stability monitoring (described in Sec. 6.5) and combined with information about the
start and stop times of the data taking runs. The technical details are described in Sec. 6.6.1.
6.4.2. Discovery Potential
As the NToO aims to discover neutrino flares of astrophysical sources is it important to understand
what fluxes are necessary for a detection by this program. The probability to trigger an alert as a
function of the neutrino flux assuming a spectral index γ = −2 and a flare duration of 10 days is
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shown in Fig. 6.4 for alert thresholds corresponding to 3σ and 5σ for a source at a declination
δ = 0.864.
Figure 6.4.: Probability to trigger an NToO alert as a function of flux for flares with a duration
of 10 days at a declination δ = 0.864, given for alert thresholds of 3σ (red, solid
line) and 5σ (blue, dashed line).
Figure 6.5 shows the flux as function of declination that results in a trigger probability of 50% for
significance thresholds corresponding to 3σ and 5σ for a flare with a duration of 10 days and a
spectral index γ = −2 .
One of the underlying assumptions of the NToO is that the physical processes that produce flares
of high-energy neutrinos also produce flares of high-energy photons with approximately the same
evolution in time, i.e. photon and neutrino flares are not significantly delayed with respect to each
other. Therefore it is important to know at what point in the development of a neutrino flare the
alert is sent to the partner telescopes. Figure 6.6 shows the median alert trigger time for a source
at δ = 0.864 for different alert thresholds and flare durations of 1 and 10 days. A signal flux of the
form Φ(E) = 2.0 · 10−7GeV−1cm2s−1E−2 will on average trigger an alert about halfway through
the flare for an alert threshold of 4.0σ. It is important to note that this leaves enough time for the
forwarding of the alert to the partner telescopes and the actual execution of the observation, also
if the observation can only happen during the following night.
The rate of alerts caused by the atmospheric neutrino background is shown in Fig. 6.7 as a
function of the alert threshold. This rate of background alerts is required in order to set a sensible
threshold for the forwarding of alerts to the partner telescopes.
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Figure 6.5.: Neutrino flux needed from a given source declination to trigger a flare with a
significance of 3σ (solid line) and 5σ (dashed line) with a probability of 50%. The
neutrino spectrum is assumed to be an unbroken power law with a spectral index of
−2, the flare duration is 10 days.
(a) (b)
Figure 6.6.: Fraction of the flare duration when a flare is triggered for different thresholds for
flares with a duration of 1 day (Fig. (a)) and a duration of 10 days (Fig. (b))
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(a) Linear scale (b) Logarithmic scale
Figure 6.7.: Expected alert rates for the NToO caused by atmospheric neutrinos for different
source declinations as a function of alert significance.
6.4.3. Sources
Source Selection
The most interesting objects for gamma-ray follow-up observations triggered by IceCube are
variable sources of TeV neutrinos, which are either known to exhibit a bright GeV flux in
gamma rays and show extrapolated fluxes detectable by IACTs, or are already detected by
IACTs. In simple hadronic emission models the GeV flux and the TeV flux are both caused by
π0-decay. Hence a bright and variable GeV flux is a sensible selection criterion. We consider
two different target source lists. One list was selected based on the second Fermi point-source
catalog [NAA+12]. The following criteria are applied:
• Redshift < 0.6
• Fermi variability index > 41.64 (corresponding to the 99% confidence level of the source
being variable)
• Spectral index as observed with Fermi < 2.3 (BL Lacs only)
• Fermi flux 1 − 100 GeV > 1 · 10−9ph cm−2 s−1 (BL Lacs only)
• Fermi flux 0.1 − 1 GeV > 7 · 10−8ph cm−2 s−1 (FSRQs only)
These selection criteria (which are discussed in more detail in [CGB+13]) resulted in 36 sources.
This list of target sources was combined with lists provided by the partner telescopes covering
the northern hemisphere (δ > 0). In total 109 sources were monitored by the NToO during the
2012/2013 IceCube season. Each of the two partner telescopes Magic and Veritas only receives
alerts for the sources corresponding to its own list and the source selected according to the
criteria above. The overlap between the source lists provided by Magic and Veritas is about 50%.
Figure 6.8 shows the declination distribution of the sources.
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Figure 6.8.: Declination distribution of the sources monitored by the NToO during the 2012/2013
IceCube season.
6.4.4. Alert Thresholds
The significance thresholds that trigger an alert to the partner telescopes Magic and Veritas have
to be set according to the maximum number of agreed alerts.
The alert threshold for the Magic telescopes was set to − log10(pobs) = 3.163 (corresponding to
3.2σ). This threshold results in 7.4 expected alerts per year for the combination of the Magic
list and the sources selected according to the criteria in the previous section. Assuming that the
source can be observed with a probability of 40% (see Sec. 6.6.3) this leads to the expectation of
3 follow-up observations per year.
The alert threshold for the Veritas telescope has been set to − log10(p) = 3.633 (corresponding to
3.5σ) to reflect the lower number of alerts agreed between IceCube and Veritas. This threshold
results 2.4 expected alerts per year, resulting in 1 follow-up observation.
6.4.5. Monitoring
The low rate of accidental background alerts from atmospheric neutrinos (see Fig. 6.7) makes
it necessary to add additional monitoring to the system in order to ensure that all components
are working as expected. Ideally this monitoring should cover the whole chain from the event
selection, stability monitoring, to the generation, sending and receiving of alerts.
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Test Alerts
So-called test alerts can be generated at the South Pole, using the same event sample as used by
the NToO. To achieve a sufficiently large rate of test alerts the number of points that are monitored
should be high. 1000 random positions were chosen as test sources, with a flat distribution in
cos θ. The threshold to send a test alert should be lower than the corresponding threshold for the
physics alerts in order to achieve a high number of test alerts. Thus the threshold for test alerts
was set to pobs = 0.1 (see Eq. 6.1).
Using the original neutrino event sample used for the physics alerts also for the test alerts would
unblind additional positions in the sky. The usual way to test point source analyses in a way that
preserves blindness are scrambled data sets. The event times are shuffled and new sky coordinates
are calculated for each event. Due to the location of the IceCube detector right at the geographic
South Pole, only the right ascension is affected by this procedure. In the case of the NToO,
however, a continuous stream of events needs to be shuffled while preserving properties like the
azimuth and time distribution of the events. The simple algorithm developed to realize this is
described in Sec. 6.6.1.
Monitoring Web Page
The test alerts generated from the blinded event sample are collected and analyzed. To aid the
interpretation of these alerts a web page was created that displays each alert. The web page
is automatically updated upon receiving a new alert. In addition to each individual alert, also
global properties of all alerts received to date are shown, e.g. the rate of test alerts, their zenith
distribution and their significance distribution.
Alert Display Each alert is displayed on a web page showing the distribution of events con-
tributing to the alert both in time and space (see 6.9). In the case of an alert for an astrophysical
source this allows for a rapid inspection of the event properties.
Figure 6.9 depicts a high-multiplicity test alert, consisting of 8 events, issued on 7 July 2012. It
corresponds to the test alert with the highest significance in the 2012/2013 data taking season
with − log10(pobs) = 4.85. The contributing events were detected over a duration of 10.2 days.
For each alert the weighted average direction of the events is calculated as
xavg =
∑
i
∑
i σ
2
i
σ2i
xi (6.3)
where theσi are the resolution estimates of the individual events and the xi are their directions. The
weighted average is displayed in the spatial event plot, the individual event weights (
∑
i σ
2
i /σ
2
i ) is
represented as the heigth of the bars in the temporal plot.
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(a) Spatial event distribution (b) Temporal event distribution
Figure 6.9.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of events contributing to a test
alert. The ellipsis describe the estimated angular error for the reconstructed tracks.
Monitoring Plots of global properties of all monitoring alerts received to date can be used to
monitor the stable operation of the whole alert system. For example changes in the total test alert
rate can hint to problems with the event selection or uptime calculation, long delays between the
detection of the events and the arrival of the test alerts in the North can be a sign of problems
with the data processing, the stability monitoring database or the transfer of the test alerts to the
North. Figure 6.10 shows some of the quantities derived from the test alerts in order to monitor
the alert system.
An important quantity to monitor is the rate of received test alerts (Fig. 6.10(a)). The regular
arrival of test alerts in the North is used as a heartbeat of the overall system. If no test alert is
received for more than 6 hours a warning email is issued to a list of people so the cause can be
investigated. Warning emails are reissued every 2 hours if no new alert has been received in the
meantime. This threshold of 6 hours for warning emails is rather conservative, as can be seen in
Fig. 6.10(b). This figure shows the histogram of the waiting times between subsequent test alerts.
It follows the expected exponential distribution reasonably well. A δt of 6 hours is well in the
range of expected waiting times. However, to enable timely interventions, an early warning is
preferred. Figure 6.10(d) depicts the distribution of the significances of the test alerts.
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(a) Number of test alerts per day (b) Time between test alerts
(c) Number of events in alert (d) Significance of test alerts
Figure 6.10.: Monitoring information derived from the test alerts for the NToO. See text for a
description.
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6.5. Detector Stability Monitoring
This section describes the detector stability monitoring developed to ensure the validity of all
alerts sent by the NToO.
6.5.1. Motivation
Ensuring the stability of the detector is very important for any online alert program to minimize
the rate of false alerts due to problems with the detector itself, the data acquisition (DAQ) or
the filtering software. IceCube employs a very extensive monitoring of the DAQ system and
South Pole online processing. However, the results of this monitoring are only available with a
certain delay after data-taking and thus not useful for an online follow-up program which requires
timely alerts. Furthermore, the offline monitoring does not provide information on the detector
stability with high granularity but declares a whole run, with a usual duration of eight hours, as
either good or bad. Problems like a few strings of the detector dropping out of the data taking
shortly before the end of a run do not render the data taken up to that point invalid. To ensure that
alerts are triggered only by neutrino multiplets formed by neutrinos that were detected during
stable running conditions, a simple but powerful online stability monitoring scheme based on the
continuous monitoring of certain trigger and filter rates has been developed.
6.5.2. Rate Measurements
Quantities that are sensitive to problems affecting the data quality and that are at the same time
simple to measure, record and evaluate are the trigger rates of the detector and the filter rates
of the online filters (see Sec. 4.3 and Sec. 4.4). Trigger rates, like e.g. the Simple Multiplicity
trigger, are sensitive to low level problems, like possible errors in the trigger configuration or an
incorrect DOM calibration. Filter rates can also be affected by these issues but additionally give
information about the stability of the filtering chain. Problems that affect the event reconstruction
or distributions of cut variables used in a filter would also change the corresponding filter rate.
All trigger and filter rates are measured in the central PnF server (see Sec. 4.4.1) using a dedicated
software module. Events are counted in time bins of 600 seconds and the corresponding rates
and time bin meta data (like start and end of the time bin) is inserted into a relational database.
Time bins are not allowed to span run transitions, thus the last rate measurement period in a run
is often much shorter than 600 seconds resulting in a correspondingly bigger statistical error.
The database containing the rates date is mirrored to the northern hemisphere to be easily
accessible for offline studies. Storing the data in a relational database makes it convenient to
retrieve any trigger and filter rate for arbitrary time periods. For each of the trigger and filter
rates approximately 5 · 104 measurements are recorded in the database in a full year. Figure 6.11
shows the Online Level 2 Filter rate for run 121283, that took place on 9 December 2012, as an
example. This plot also exemplifies a small problem with the system currently in place. Detector
runs are often several seconds longer than exactly 8 hours due to technical reasons. The default
time bin for the rate monitoring of 600 seconds leads to a last time bin that is very short with
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a correspondingly big error. Additionally there is discrepancy of several seconds between the
time of the last event in a run and the run end as recorded by the DAQ. This discrepancy usually
results in a systematically lower rate in the last time bin. As the relative fraction of the last time
bin is very small (< 0.1%) this does not significantly reduce the uptime of the NToO.
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Figure 6.11.: Data rate of the Muon Filter for detector run 121283 that took place on 9 December
2012. The error bars show the statistical error on the measured rate. The larger
error in the last bin before the run ends is caused by the shortness of that bin due
to the imperfect alignment of the time bins with the run end (see Sec. 6.5.2).
6.5.3. Data Quality Decision
The NToO selects νμ induced muon tracks to detect time-variable point sources of neutrinos. Any
problem that affects the detection and reconstruction of these muons would therefore impact this
program. Thus the inputs derived from the rate monitoring for the NToO should be related to the
muon related triggers and filters that form the basis of the neutrino level event selection. The
following trigger rates, filter rates and ratios are used to check the stability:
• Simple Multiplicity trigger rate
• Muon Filter rate (MuonFilter_12 in 2012/2013)
• Online Level 2 filter rate (ICOnlineL2Filter_12 in 2012/2013)
• Ratio of Online Level 2 filter rate to Muon Filter rate
• Ratio of Online Level 2 filter rate to Simple Multiplicity Trigger rate
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The combination of these rates and ratios to form a stability score will be described in Sec. 6.5.4.
As the final neutrino event selection (see Sec. 5.3) is performed in a different subsystem, this final
level event rate is not recorded in the database. Due to the very low atmospheric neutrino rate of
about 2mHz at the final cut level, the statistical error on the rate measurement with the default
time binning of 10 minutes would be very large. Recording this rate with a different binning
and combining it with the other rates would make the system much more complicated. A higher
level monitoring of the alert system that depends on the final level event rate will be described in
Sec. 6.4.5. Therefore, the final neutrino level event rate is not used as an input in the rate based
detector stability monitoring.
6.5.4. Stability Score Calculation
The atmospheric muon rate depends on the development of the air shower (see Sec. 2.1.2) and
thus on the atmospheric density profile. As seasonal temperature changes of the atmosphere
influence this density profile, the atmospheric muon rate measured in the detector shows a pattern
of seasonal variation. On top of these slow seasonal variations (see Fig. 6.12), faster weather
changes (see Fig. 6.13) lead to changes in the IceCube trigger rate on the timescale of hours to
days. This background of atmospheric muons dominates all trigger and filter rates used for the
online stability monitoring. Therefore, a simple stability decision based on the deviation from
fixed reference rates cannot be used.
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Figure 6.12.: Rate of the Simple Multiplicity Trigger over the full IceCube season 2012/2013.
The pattern of solar irradiation at the South Pole causes seasonal changes in the
atmospheric density profile. This causes the slow rate variations of approximately
15 % over a full year.
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Figure 6.13.: Fast changes in the weather conditions in the upper atmosphere can lead to quick
changes in the IceCube trigger rate as happened between 7 October 2012 and 10
October 2012.
A common method to predict a time series of (potentially noisy) measurements is a moving
average filter. The filter smooths noisy data to either produce smoothed data for presentation
purposes or to make forecasts of the time series. Three different averaging methods are usually
employed, simple moving averages, weighted moving averages or exponential moving averages
(see e.g. [NIS]).
A N-period simple moving average weighs the last N measurements equally to produce the
smoothed prediction. Doing that, the average always lags sudden changes in the data. This can
be overcome by applying a weight to each measurement in the averaging process depending on
how long ago the measurement was taken. This requires two inputs, the number of measurements
N to average over and the weight function. In the case of the stability monitoring one would
weigh more recent measurements higher than less recent measurements so that the average reacts
faster to changes of the rates caused by a changing muon rate. Another way to achieve this fast
adaption is an exponential moving average.
Exponential Moving Average Given measurements of a quantity x (e.g. a filter rate) at time
steps i (denoted as xi) the exponential moving average S at time step i is calculated as
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S 1 = x1 (6.4)
S i = αxi + (1 − α)S i−1 ; for i > 1 . (6.5)
The parameter α determines how fast the weight given to past measurements decays, higher α
give more weight to recent observations and reduce the impact of past measurements faster. The
step width is given by the binwidth of 600 seconds of the rate monitoring.
Analogously to the exponential moving average also an exponential moving standard deviation σ
can be defined as
σi =
√〈
x2
〉 − S i · S i . (6.6)
Here
〈
x2
〉
denotes the exponential moving average (see Eq. 6.5) of x2. To update the exponential
moving average only the most recent calculated value of S i is needed. This is in contrast to the
simple and weighted moving averages where the past N data points need to be kept for updates of
the average. Therefore, an exponential smoothing has been chosen in the stability monitoring to
greatly simplify the implementation of the moving average calculation.
Implementation of the Stability Score Calculation The idea of the stability score is to
compare the current detector trigger and filter rates in time bin i to an exponential moving average
of these rates up to that point in time. The averages and standard deviations are calculated for the
rates and ratios listed in Sec. 6.5.3 with the parameters α = 0.01 1. In order to judge the detector
stability in a time bin i a combined score ξi is calculated as
ξi =
∑
j
|x ji − S ji−1|
σ
j
i−1
(6.7)
where j enumerates the rates and ratios listed in Sec. 6.5.3 and S i−1 and σi−1 are the exponential
moving averages and standard deviation prior to the time bin i. This summed deviation ξi is
referred to as the badness of a time bin. If ξi is below a certain threshold ξthresh this time bin i
assigned a good quality and the averages and standard deviations are updated according to Eq. 6.5
and Eq. 6.6. If ξi is above the threshold the data quality in this time bin is judged as insufficient.
In this case all final level events in that time bin are discarded, the time bin is counted as detector
dead time and the averages and standard deviations are not updated with the rates from time bin i.
The threshold employed in the NToO is ξthresh = 8 .
Figure 6.15 shows histograms of the total badness and its subcomponents calculated using Eq. 6.7
for the full 2012/2013.
1Until 25 November 2012 α = 0.005, which gave more weight to past measurements. In order to be better able to
cope with fast rate variation due to weather changes the value of α was changed to 0.01.
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Figure 6.14.: Rate of events passing the Online Level 2 Filter over the complete 2012/2013
IceCube season. The solid red line depicts the moving average of the Online Level
2 filter rate, the blue lines show the 1σ exponential standard deviation around the
average.
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(a) Sum (b) Simple Multiplicity Trigger
(c) Muon Filter (d) Online Level 2
(e) Muon Filter/Simple Multiplicity Trigger (f) Online Level 2/Muon Filter
Figure 6.15.: Histogram of the total badness (Fig. (a)) calculated using Eq. 6.7 for the full
2012/2013 season. Figure (b) to Fig. (f) show the individual badness components.
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Figure 6.16 shows the cumulative clean uptime for the NToO in the 2012/2013 season as
determined by the detector stability monitoring.
Figure 6.16.: Cumulative uptime of the NToO system during the 2012/2013 IceCube season.
The uptime calculation takes into account detector calibration runs and the times
marked as bad by the online stability monitoring.
The IceCube 2012/2013 data taking season started with run 120156 on 15 May 2012 at 10:05:48
UTC and ended after run 122275 on 2 May 2013 at 09:48:49 UTC. Of the 351.98 days between
the season start and end, 322.17 days are marked as good by the stability monitoring. This results
in a good uptime fraction of 91.5%. Of the total deadtime of 29.8 days, 1.14 day are due to the
various calibration runs and the gaps between detector runs. Typical IceCube offline analyses
report uptime fractions of around 95%.
Comparisons of the Online Stability Monitoring with the more extensive offline quality checks
performed by the Detector Verification Group show that the online system reliably identifies
unstable detector conditions. However, the Online Stability Monitoring seems to be quite
conservative in its quality decision. The inspection of time bins with badness values between 8
and 10 suggest that these also could be used for the NToO without increasing the risk of using
bad detector data.
6.6. Technical Implementation of the Follow-Up System
This section describes the design of the various parts of the NToO system. The main goal of the
design was that the system should be robust against failures of any of the different subcomponents
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and should not loose data in such an event. Therefore all components have been separated as
much as possible and intermediate results are stored frequently.
6.6.1. Setup at South Pole
Event serialization The selection of neutrino candidate events happens inside the PnF system
(see Sec. 4.4) and is described in detail in Sec. 5.3. Each selected neutrino candidate event is
serialized to JSON format (see [Cro06, JSO13]) and written to a dedicated directory on disk.
To facilitate the generation of test alerts (also called “monitoring alerts”) each selected event is
written twice, once with its actual sky coordinates and a second time with a randomized right
ascension for the generation of test alerts.
Randomization of Sky Coordinates The atmospheric neutrino rate at the final event se-
lection level is ≈ 2mHz. To randomize the event coordinates in right ascension for the blind
generation of test alerts one could in principle assign each event a random azimuth angle. This
would, however, destroy the pattern due to the azimuth dependent efficiency of the detector
(see Fig. 6.3). In order to preserve this pattern in the scrambled dataset the conversion of local
coordinates (zenith and azimuth) to sky coordinates (right ascension and declination) for each
event is done not with its original event time but the time of the previous neutrino event. The first
event after the startup of the event selection process is assigned a random right ascension. As
the rate of atmospheric neutrinos is about 2mHz this results in a random shift of each event by
several degrees on average. This randomization scheme is depicted in Fig. 6.17.
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Figure 6.17.: Scheme to generate a random event sample for monitoring the alert generation
system of the NToO.
Alert Generation The event directory is checked for new events every 30 seconds by the
daemon that runs the time-clustering algorithm. First for each detected event the badness score
from the detector stability monitoring is calculated in order to decide if the event is kept. Events
that do not pass the stability check are discarded from the time-clustering algorithm, but stored
on disk for future inspection (see next paragraph).
The program running the clustering algorithm keeps a list of events it has detected in the last 21
days from each of the monitored sources. For each new event that falls into the search bin of one
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of the monitored sources, the time-clustering algorithm for that particular source is run. If the
significance derived from any cluster of events crosses the alert threshold of a partner experiment,
an alert is generated and send to the North where it is processed further.
Uptime Estimation and Stability Monitoring The effective uptime of the NToO is deter-
mined from two systems, the Detector Stability Monitoring (see 6.5) and a database that records
information about each detector run.
The IceCube run database is kept at the South Pole by the PnF system. The database contains
information about each detector run, e.g. its start and end time and the type of run. Possible run
types are for example “Physics”, which describes a normal data taking run, or “LID” (light in the
detector), which describes any run where an artificial light source was switched on in the detector
(see Sec. 4.2.3). The effective detector uptime between times t1 and t2 is calculated by summing
the time spent in “Physics” runs between these two times. The run information (except the run
end time) is available in the database as soon as the run starts.
Before the time clustering procedure is applied to a selected neutrino event the stability of the
detector is checked using the detector stability monitoring described in Sec. 6.5. If the events is
accepted, the file is moved to a directory containing the accepted events. If the stability can’t be
decided upon right now (e.g. as the relevant data is not yet in the database) the event is kept in a
staging directory. If the detector is judged to be unstable the event is moved to another location.
At any point the file system reflects the status of an event. All internal data in the daemon itself
can be restored by re-reading the files. Thus the system is stable against problems with e.g the
hardware or a failure of the daemon itself.
6.6.2. Transfer of the Alert Messages
The alert messages are transferred to the northern hemisphere with the help of the IceCube
Teleport System (ITS, see Sec. 4.6). However, the amount of data that can be transferred in
one message with ITS is limited to 1800 characters. As this limit can be reached by a high-
multiplicity alert, a compression scheme was developed to be able to pack at least 30 events in
a message (compared to a maximum of 10 events without compression). An alert comprised
of more events that can be fitted in a single message is truncated by leaving out event data. In
this way the immediately important information like the alert source and the significance is still
transferred. Information left out in the alert can be retrieved later. As an alert alert with more
than 30 contributing events is very unlikely, a more elaborate scheme where long messages are
split into smaller chunks before transmission was not implemented.
The average delay of the message transfer is shown in Fig. 6.18. The delay is generally below 60
seconds, severe delays (up to one day) can occur in case of problems with the ITS system.
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Figure 6.18.: Histogram of the duration of the message transfer via ITS from the South Pole to
the receiving computer in the northern hemisphere.
6.6.3. Setup in the Northern Hemisphere
All messages transferred with the ITS system are received at a central location, the IceCube
computing center in Madison, Wisconsin (USA). The ITS system is not only used to transfer alert
messages for the online analysis programs but mainly to provide remote control of the detector
itself via I3Live (see Sec. 4.6). Each message transferred via ITS has been marked at the South
Pole with its destination (e.g. the NToO). Each message is forwarded via XML-RPC (see [xml])
to a handler daemon.
After an alert is received by the handler daemon it is immediately stored to disk as a plain text
file, as well as into a database. Each type of message (physics alert, test alert or status message)
is handled differently.
Status Messages Status messages are send from the South Pole every 12 hours to be able to
check if the software components at the South Pole are still operational e.g. during an extended
detector outage when no test alerts would be sent. Currently status messages contain little
information, only the number of neutrino events ingested by the time-clustering algorithm since
the last status message is recorded. In the future this can be extended to include further monitoring
information. Status messages are stored in a database, and the time when the last of these messages
was received is displayed on the monitoring web page.
Test Alerts Each test alert is immediately displayed on a web page, global statistics like the
rate of test alerts over the last 24 hours are updated.
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Physics Alerts If an alert concerning a neutrino flare from an astronomical object is received
it has to be decided if a follow-up observation can take place and consequently if the alert should
be forwarded to the partner experiments. The first question to answer is if the source is visible
to the partner experiment. Using the PyEphem Python module (see [pye]) the current object
coordinates are calculated in the horizontal coordinate system to determine the zenith angle of the
source for either Magic or Veritas (or both if the source is on both source lists and the significance
crosses both alert thresholds). If all of the following criteria are met the alert is subsequently
forwarded to the corresponding experiment(s):
• Source rises at least 30 degrees above the horizon for at least 30 minutes during dark time
(when the sun is at least 18 degrees below the horizon) within the 24 hours following the
alert
• Current phase of the Moon < 0.5
• Source distance to the Moon > 60 degrees
• Source distance to the anti-Moon > 60 degrees
Averaged of all declinations and right ascensions a source fulfills these criteria about 40% of the
time.
The alert message to the partner experiment contains the alert source, the number of events, the
time of the first and last event and the weighted average position of all events (see Sec. 6.4.5).
Alerts with a very high significance (− log10 p ≥ 5.0) contain a special marker, when sent to the
Magic telescope.
Irrespective of the source observability the IceCube personnel responsible for the maintenance of
the NToO is informed of the alert. If the alert satisfies the visibility criteria an email is send to the
corresponding partner experiment. As in the case of the test alerts, the alert is also visualized on
a dedicated web page.
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7. Planned Improvements to the NToO
In its current form the Neutrino Triggered Target of Opportunity Program operates at the South
Pole since March 2012. It was the first step in establishing the NToO, demonstrating its technical
feasibility and proving that a time-dependent point source search can be run stably and reliably
over long periods of time at the South Pole. Therefore a simple search technique like the binned
method has been implemented first. However, current offline searches for neutrino point sources
usually employ unbinned maximum likelihood methods to increase the discovery potential.
7.1. Maximum-Likelihood Method
This section describes the maximum-likelihood method which is going to substitute the currently
employed binned significance estimation (see Sec. 6.4.1) as it reduces the neutrino flux required
for a discovery. It is planned to be deployed at the South Pole for the start of the IceCube season
2014/2015.
7.1.1. Motivation
The binned point-source search method simply counts the number of events in a spatial bin
around the investigated source candidate in different time frames. The statistical significance of
each observation is calculated by comparing that number to the number of expected background
(atmospheric neutrino) events. Each event inside the search bin is weighted equally, events outside
the bin do not contribute. However, an event at the boundary of a bin with a very low estimated
reconstruction error can be less likely to originate from the source than an event further away
with a bigger estimated uncertainty. This is not taken into account in the binned search method.
Besides spatial clustering another feature distinguishing the atmospheric neutrino background
from astrophysical neutrinos is the energy spectrum of the events. While the atmospheric neutrino
spectrum is rather soft with Φ(E) ∼ E−3.7, predicted astrophysical neutrino spectra are much
harder (e.g. Φ(E) ∼ E−2). As an event-by-event energy estimate of the muon energy is possible
(see Sec. 4.5.5) this information can be used to distinguish signal from background events.
7.1.2. Likelihood Formulation
Given a set of observations O and a statistical model with parameters S the conditional probability
L = P(O|S ) can be defined. This probability is called the likelihood function. For given
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observations it can be maximized with respect to the parameters S so that
Smax = argmax
S
L(O|S ) . (7.1)
The resulting set of parameters Smax is called the maximum-likelihood estimate. It has been
shown that maximum-likelihood parameter estimators are efficient and consistent estimators as
the sample size increases to infinity [BL98].
In the case of a time-dependent point source search the observations are given by certain parame-
ters of the detected events, like their position xi relative to the source at r, their estimated angular
reconstruction uncertainty σi, their estimated energy Ei and their time ti. The set of parameters S
that are to be estimated typically comprises the number of signal events ns and the spectral index
of the signal γ. For a time-dependent point-source search also the time of emission T and the
width σ of the emission period could be added (as described in [BBD+10]). However, a different
approach is taken here where the pair of events is found that delimits the time window [T sigs ,Te]
with the maximum test statistic λ. This approach has been developed in [BA10].
Time-Clustering Algorithm In the same way as in the binned method the search for clusters
of astrophysical neutrinos is limited to a duration of 21 days, i.e. to a time window Te − Ts = 21 d.
An event i inside that time window is called signal-like when the ratio of the signal to background
likelihood S i/Bi > 1 (see below for a definition of S i and Bi), assuming a spectral index γ = −3.0.
Every pair of signal-like events defines a time window [T sigs ,T
sig
e ] (Ts ≤ T sigs ,T sige ≤ Te) for which
the likelihood is maximized and the corresponding test statistic value λ is calculated. The final
test statistic value is then given by the maximum of the test statics values over all time windows
delimited by signal-like events. In the application in the NToO S i/Bi is calculated for each newly
detected event. If the event is signal-like the time clustering algorithm is run, however the the last
event stays fixed, i.e. Te = T
sig
e . This scheme is depicted in Fig. 7.1.
The likelihood is modeled as a mix of background and signal events as
L(xi, Ei, ti|ns, γ) =
N∏
i=0
(ns
N
Si + (1 − nsN )Bi
)
(7.2)
with the signal likelihood Si for event i
Si = E(Ei|γ) × 1
2πσ2i
· e−
|xi−r|2
2σ2i × T (ti) . (7.3)
The energy likelihood E(Ei|γ) denotes the probability to observe an event with the estimated
energy Ei given an injection spectrum with the spectral index γ. The second term describes the
probability to observe an event with an estimated angular reconstruction error σi at a distance
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Figure 7.1.: Schematic of the time-clustering algorithm employed in the maximum-likelihood
search for neutrino flares. For each detected event the ratio of the signal to back-
ground likelihood S i/Bi is calculated for all close-by monitored sources (assuming
a spectral index γ = −3). For signal-like events with S i/Bi > 1 the test statistic λ is
calculated over all time windows formed by pairs of signal-like events in the last
21 days. Thus in the scenario depicted here (where the last detected event at t7 is
signal-like) the test statistic λ would be evaluated for the time windows [t7, t5] and
[t7, t2].
|xi − r| from the source position r . The time likelihood T (ti) for an event at time ti is given by
T (ti) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
1
U(T sigs ,Te)
, if T sigs ≤ ti ≤ Te
0, else
(7.4)
whereU(T sigs ,Te) denotes the effective detector uptime in the signal time window [T sigs ,Te] .
The background likelihood Bi for event i is given by
Bi = 1
Ω
× E(Ei|νatmμ ) ×
1
U(Ts,Te) (7.5)
where E(Ei|νatmμ ) describes the probability to observe an atmospheric neutrino with the energy
estimate Ei. Ω denotes the space angle of the search area and U(Ts,Te) the effective detector
uptime in the time window [Ts,Te].
The test statistic value λ is given by
λ = −2 ln
⎛⎜⎜⎜⎜⎜⎝U(T
sig
s ,Te)
U(Ts,Te)
L(γ = 0)
L(γmax, nmaxs )
⎞⎟⎟⎟⎟⎟⎠ . (7.6)
The term inside the logarithm multiplying the likelihood ratio corrects for the correspondingly
larger number of smaller signal time windows inside the search time window (for a derivation
see [BA10]).
To determine the signal to background likelihood ratio S i/Bi in the time-clustering algorithm (see
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Fig. 7.1), the time terms in Si and Bi are not taken into account, i.e.
S i
Bi
=
E(Ei|γ) × 12πσ2i · e
− |xi−r|2
2σ2i
1
Ω
× E(Ei|νatmμ )
. (7.7)
The spectral index γ is fixed to −3.
7.1.3. Kernel Density Estimation
In order to estimate the numerous probability densities required in the unbinned maximum-
likelihood method, the kernel density estimation (KDE) technique is used.
Given a sample of measurements of a quantity x, a kernel probability density estimate pro-
vides a non-parametric, unbinned estimate pˆ(x) of the underlying probability density function
p(x) [Sco92].1
The estimate of the probability density at point x, given the samples xi, i = 1 . . . n, is given by
pˆh(x) =
1
nh
n∑
i=1
K
( x − xi
h
)
(7.8)
with the bandwith h and the Gaussian kernel function
K(t) =
1
2π
e−
1
2 t
2
. (7.9)
Other kernel functions are also possible, though Gaussian kernels are most commonly used. The
bandwidth h was set to
h = 0.9σˆn−1/5 (7.10)
according to “Silvermans rule of thumb” [Sil86], with σˆ denoting the standard deviation of the
sample and n the number of measurements in the sample. The formalism is easily extended to
weighted samples.
7.1.4. Energy Likelihood
In order to determine the signal energy likelihood function E(Erecoi |γ), Monte Carlo events within
a band of ±5 degrees around a source position are used. The events are reweighed for 1000
equidistant injection spectral indices γ ranging from γ = −6 to γ = −1. For each value of γ
a kernel density is estimated and stored. During the likelihood maximization, signal energy
probability densities for arbitrary spectral indices (in the aforementioned range) are interpolated
linearly from the pre-calculated densities. Figure 7.2 shows the estimated probability density of
the reconstructed energy for a signal spectrum with γ = −2 at two different declinations.
1The often used histogram is a special case of the kernel probability density estimate using a square kernel.
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Figure 7.2.: Kernel density estimate of the MuE energy estimator of simulated signal events with
a flux Φ(E) ∼ E−2 at the zenith angles θ = 110◦ (δ = 0.35) and θ = 155◦ (δ = 1.13) .
The background energy probability density E(Ei|νatmμ ) is estimated using a kernel PDF constructed
from the data in a zenith band ±5 degrees around the source position. Figure 7.3 shows the
estimated probability density of the reconstructed energy for two different declinations.
A comparison of the estimated probability densities of the reconstructed energies for data and a
simulated atmospheric neutrino spectrum can be seen in Fig. 7.4. The agreement between the
two PDFs is decent and justifies using the reconstructed energy as a parameter in the maximum-
likelihood fit.
7.1.5. Resolution Estimation
The angular resolution of the neutrino events at the final cut level depends strongly on the neutrino
energy (see Fig. 5.8(a)) and thus also on the declination (see Fig. 5.8(b)). These dependencies
need to be taken into account during the injection of signal events for the estimation of the
discovery potential (see Sec. 7.1.6). For each declination where signal events are to be injected
kernel density estimates of the angular reconstruction error are generated for different energy
bands. The corresponding Monte Carlo events are sampled from a declination band ±10 degree
around the source. Figure 7.5 shows an example of the resulting probability density estimated for
a source at a declination of δ = 0.2768.
Besides the point spread function a PDF of the event-by-event angular reconstruction error σi
is required (see Eq. 7.3) in order to simulate maps with injected signal event. This resolution
estimate is provided by the Cramér-Rao resolution estimator (see Sec. 4.5.4). Figure 7.6(a) shows
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Figure 7.3.: Kernel density estimate of the MuE energy estimator of data events at the zenith
angle θ = 110◦ (δ = 0.35) and at the zenith angle θ = 155◦ (δ = 1.13) .
(a) θ = 110◦ (b) θ = 155◦
Figure 7.4.: Comparison of the kernel density estimates of the PDFs of the reconstructed energy
for data and simulated atmospheric neutrinos at θ = 110◦ (δ = 0.35, Fig. (a)) and
θ = 155◦ (δ = 1.13, Fig. (b)).
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Figure 7.5.: Kernel density estimates of the point spread function in different energy bands at a
zenith angle θ = 106◦ (δ = 0.2768) .
the median of the ratio of the true angular reconstruction error to the error estimated with the
Cramér-Rao method as a function of estimated neutrino energy. As can be seen this ratio deviates
significantly from the desired value of 1, i.e. the estimator is not median-unbiased.
In order to transform the Cramér-Rao angular error estimate into a median-unbiased estimator
an energy dependent scaling function is applied. A similar scaling is applied to the angular
error estimated from the Paraboloid fit (see Sec. 4.5.4) in all IceCube point-source analyses (see
e.g. [AAA+11c]).
The scaling is achieved by applying a polynomial correction as a function of estimated energy
EMuE to the estimated reconstruction uncertainty σCramer-Rao as follows:
σcorrectedCramer-Rao = (9.59 · 10−2E4MuE − 1.66E3MuE + 11.17E2MuE (7.11)
− 33.26EMuE + 37.34) · σCramer-Rao
The median of the ratio of the true reconstruction error to the estimated resolution after it has
been corrected using Eq. 7.11 is shown in Fig. 7.6(b).
The full probability density estimate of the ratio of true angular reconstruction error to estimated
error after applying the correction from Eq. 7.11 is depicted in Fig. 7.7(a). This PDF is used to
sample a reconstruction error for each signal event injected during the estimate of the discovery
potential. Figure 7.7(b) shows that the corrected Cramér-Rao estimator provides a good estimate
of the full angular uncertainty PDF.
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(a) (b)
Figure 7.6.: Figure (a) shows the median of the ratio of the true angular reconstruction error
ΔΨ to the event-by-event resolution estimate using the Cramér-Rao estimator as a
function of the estimated event energy. This ratio shows an energy dependent bias.
The bars show the 25th and 75th percentile of the ratio. The bias can be corrected
for by applying a polynomial scaling function to the resolution estimate (solid line
in Fig. (a), Eq. 7.11). Figure (b) shows the ratio after the scaling function has been
applied.
(a) (b)
Figure 7.7.: Figure (a) shows the kernel density estimate of the ratio between the actual recon-
struction error and the error estimated using the Cramér-Rao method in different
energy bands after a correction for the energy dependent bias (see Fig. 7.6). Figure
(b) shows the distributions of the actual reconstruction error for different ranges of
estimated errors.
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7.1.6. Simulation
Generation of Scrambled Maps
In order to estimate the discovery flux correctly at short timescales it is important to preserve
the structure in the azimuth distribution of events (see Fig. 6.3) during the generation of random
samples. Therefore scrambled maps are generated by scrambling the event times and calculating
a new right ascension for each event using
RAnew = (RAorig + 2π · (MJDorig −MJDnew)/0.99726957) mod 2π (7.12)
where RAorig/new denote the original and new right ascension respectively and the original and the
new event time are described by MJDorig/new. The constant 0.99726957 is the length of the sideral
day measured in solar days, i.e. the time (in days) it takes the Earth to turn around itself exactly
once with respect to the fixed stars. This approximate expression is exact to within arcsecond
precision.
Background Simulation
In order to assess the sensitivity and discovery potential of the maximum-likelihood method
simulations were run for five example sources. For each declination 108 background maps were
generated by scrambling the available data events from the 2012/2013 IceCube season using the
procedure described in Sec. 7.1.6.
The time clustering algorithm is applied to each scrambled map and the maximum test statistic
value λ over the whole data taking period is stored. Figure 7.9(a) shows the distribution of the
value of the test statistic λ at a declination of δ = 0.864 .
Signal Simulation
In order to calculate the discovery potential signal-like events have to be injected into the event
maps. Simulated signal events are generated by drawing a random reconstructed energy from
the distribution corresponding to a source energy spectrum of Φ(Eν) ∼ E−2. The angular
reconstruction error and the ratio of the true to estimated angular reconstruction error are drawn
from their respective distributions (see Sec. 7.1.5) corresponding to the declination and the
reconstructed neutrino energy. Signal events are injected uniformly over a fixed time window,
i.e. the flare is assumed to have a simple block-like time structure. Due to a bug in the software
module that provides the MuE energy estimate at the South Pole, wrong energy estimates were
calculated in a period of 17.5 days from 21 December 2012 09:42 UTC till 7 January 2013 22:16
UTC. Events from that period were thus excluded from the simulation. Therefore the effective
uptime of the dataset used in the simulation is 305.26 days. The cumulative uptime is shown in
Fig 7.8, the down time associated with the bug in the energy estimation around MJD 56290 is
clearly visible.
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Figure 7.8.: Cumulative uptime of the data sample derived from the 2012/2013 NToO used for
the studies of the maximum-likelihood based clustering method. The deadtime of
about 16 days around MJD 56290 results from a bug affecting the MuE energy
reconstruction.
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After the generation of the combined background and signal sample the time clustering algorithm
is applied the same way as it would be in the NToO. For each event at time ti with S i/Bi > 1 the
time clustering algorithm is run over the last 21 days. The maximum test-statistics value λ (see
Eq. 7.6) over all time windows is recorded.
The number of injected signal events is varied from 0 to 45, 50000 scrambled maps with
injected signal events are simulated for each amount of signal events. Test statistic distributions
corresponding to arbitrary fluxes can later be obtained by weighting the simulations according
to the Poisson distribution of expected events from that particular flux. The distribution of test
statistic values λ at a declination of δ = 0.864 for a Poisson mean number of injected signal
events μ = 2.0 and μ = 9.0 over a period of 5 days is shown in Fig. 7.9(b).
(a) Background (b) Background with injected signal events
Figure 7.9.: Distribution of the test statistic value λ of the time-clustering algorithm applied to
108 scrambled maps of the IceCube data from the season 2012/2013 at a declination
of δ = 0.864 for background only maps (Fig. (a)) and maps with signal events that
are injected over a period of 5 days (Fig. (b)).
Figure 7.10 proves that the maximum-likelihood method succeeds in fitting the injected number
of signal events and the spectral index of the injected events.
Calculation of the Discovery Potential
At each examined declination 108 scrambled background maps are generated and λ5σ, the value
of λ correspondig to a significance of 5σ (− log10 p = 6.5428) is recorded. The median discovery
flux at this significance level is then given by the flux that results in a test statistic distribution
whose median is equal to λ5σ. A flare with the corresponding flux would be detected with a
signifance exceeding 5σ with a probability of 50%.
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(a) (b)
Figure 7.10.: Distribution of fitted number of signal events (Fig. (a)) and fitted spectral index
(Fig. 7.10(b)) for scrambled maps with a Poisson mean μ of 8 injected signal events
with a spectral index of γ = −2.0 .
7.2. Results
Figure 7.11 shows the flux needed for a discovery of a flare with a significance of 5σ as a function
of flare duration. The events are assumed to be distributed uniformly inside the flare time window
(i.e. no particular time structure is assumed). The discovery significance incorporates the trial
factor arising from scanning for a flare over the whole year. It does, however, not incorporate
the trial factor incurred by looking for flares at different locations in the sky (i.e. the number of
sources is not corrected for).
Comparing the number of events needed for a discovery with a significance of 5σ for the binned
and unbinned method in Fig. 7.11 is becomes clear that the unbinned maximum-likelihood
method greatly improves the chances for the discovery of a neutrino flare. Closer to the horizon
(θ = 106◦(δ = 0.277)) about 40% more events are required by the binned search to discover
a flare with a duration of 1 day compared to the unbinned maximum-likelihood method. The
improvement increases to 70% for flares with a duration of 10 days. The reason for the increasing
difference between both methods is the larger trial-factor of the binned method, as the time
clustering is done over all events, whereas only the signal-like events are used in the unbinned
method. The improvement of the unbinned maximum-likelihood method with respect to the
binned method is less strong further away from the horizon (θ = 140◦(δ = 0.864)). At this
declination 20% (45%) more events are required by the binned method for flares with a duration
of 1 day (10 days). The reason for the decreased difference is the increasing absorption of high-
energy neutrinos the further one moves away from the horizon. The softening of the observed
neutrino spectrum makes it harder for the maximum-likelihood method to discern astrophysical
from atmospheric neutrinos.
Figure 7.12 shows the flux necessary to discover a flare with a duration of 10 days with a
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(a) θ = 106◦ (δ = 0.277)
(b) θ = 140◦ (δ = 0.864)
Figure 7.11.: Comparison of the number of events for required for the binned search and the
maximum-likelihood based unbinned method to discover neutrino flares of different
durations with a significance corresponding to 5σ with a probability of 50% at a
zenith angle θ = 106◦ (δ = 0.277) (Fig. (a)) and θ = 140◦ (δ = 0.864) (Fig. (b)).
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Figure 7.12.: Flux as a function of declination that is needed to discover a flare with a duration
of 10 days with a significance corresponding to 5σ in 50% of the cases.
significance corresponding to 5σ as a function of declination. Close to the horizon (δ = 0.27) a
flux of 7 · 10−8 GeV−1cm−2s−1 is necessary to discover a flare with a duration of 10 days with a
probability of 50%. Due to the neutrino absorption in the Earth and the worse angular resolution
the necessary flux increases to 2 · 10−7 GeV−1cm−2s−1 at a declination of δ = 1.2.
7.3. Improvements to Track Reconstruction and Event Selection
7.3.1. Improvements to Track Reconstruction
The event reconstruction employed in the NToO is the MPE fit described in Sec. 4.5.3. For
computational performance it uses constant scattering and absorption lengths throughout the
whole detector. For a long time the simulation of the Cherenkov light propagation in the ice used
tabulated PDFs of light intensities and arrival times. These tables, however, use several GB of
main memory which prohibited their use online at the South Pole. Recently algorithmic advances
lead to efficient compression of these tabulated multi-dimensional PDFs by fitting them with
splines (see [WvL13]). This decreases both the time and memory requirements of fits that are
using these PDFs. Therefore it is planned to deploy in 2014 the so called SplineFit online at the
South Pole to be applied to all events passing the Online Level 2 Filter. Current studies show that
this fit improves the angular resolution by about 20 − 30%, depending on the event energy.
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7.3.2. Improvements to the Event Selection
The currently deployed neutrino event selection in the NToO employs straight cuts on a number
of variables that discriminate between signal neutrinos and atmospheric muon background. The
cuts on these parameters have been optimized to achieve an optimal sensitivity. If one imagines
the variables as a multi- dimensional space, straight cuts will always select a hypercube. Events
that fall inside are classified as signal, events outside as background. This shape in the space of
cut variables, however, is most likely not the most optimal shape in terms of signal-background
separation.
Several methods have been developed in the past to improve the discrimination of signal from
background in a number of domains. One of the first implementations were the so called
neural networks. It can be shown that they can select arbitrary shapes in multiple dimensions.
However, neutral networks are quite slow to train and require the optimization of a number of
parameters. In recent years a class of classification algorithms derived from decision trees has
gained huge grounds, especially in particle and astroparticle physics. One such algorithm is
the boosted decision-tree. Its main idea is to train simple decision trees to discriminate signal
from background. Each tree itself selects one (or more) hypercube(s) in the parameter space.
However, after the training of each tree wrongly classified events are increased in their weight
for the next tree, the so called boosting process. Asking a trained ensemble of trees to classify
an event results a number between 0 and 1, namely the fraction of trees that classify this event
as signal. A cut on this single variable can then be optimized to achieve the desired objective
(e.g. maximal sensitivity or discovery potential).
Boosted decision trees are by now routinely used in IceCube point-source analysis. They improve
the selection efficiency especially at lower energies compared to straight cuts. This in turn
improves the sensitivity for softer spectra.
It is planned to deploy an event selection based on a boosted decision tree for the NToO starting
in the 2014/2015 season.
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8. Results
This section summarizes the results of the first full year of operation of the NToO. Section 8.1
gives the essential information for each alert issued during that period, in Sec. 8.2 the significance
of the results is presented. The statistical significance of the number of observed alerts is presented
in Sec. 8.2. Section 8.4 then discusses the statistical and systematic errors.
Time (UTC) − log10(pobs) Nbg Nobs Duration[days]
Weighted
RA [◦]
Weighted
Dec [◦]
Follow-
up
2012-08-20 09:53 3.747 0.51 6 6.34 198.27 48.48 No
2012-09-13 01:52 4.057 6.5 · 10−5 2 8.33 · 10−4 240.81 15.14 No
2012-11-09 07:28 4.637 0.35 6 4.17 177.1 49.57 Yes
2013-04-26 05:02 3.726 0.81 7 12.74 27.72 1.77 No
2013-04-29 06:36 4.065 1.02 8 15.80 27.74 1.73 No
2013-09-12 20:01 3.309 0.96 7 11.79 78.5 61.96 Yes
2013-09-14 21:10 3.752 1.13 8 13.84 78.45 61.93 Yes
2013-09-16 00:46 4.301 1.25 9 14.99 78.84 61.74 Yes
2013-09-21 18:31 4.097 1.72 10 20.73 78.84 61.69 No
2014-02-13 22:07 3.765 0.5 6 6.80 356.62 53.14 No
2014-02-14 18:27 4.572 0.56 7 7.65 356.61 53.15 No
2014-02-19 23:10 4.073 1.0 8 12.84 356.61 52.34 Yes
2014-02-23 12:33 4.231 1.28 9 16.40 356.47 51.98 Yes
2014-02-26 18:55 4.590 1.49 10 19.67 356.47 51.99 No
2014-03-09 10:28 3.404 1.70 9 20.94 300.455 64.921 No
Table 8.1.: Overview over the alerts generated by the NToO in the 2012/2013 and 2013/2014
seasons. Thin horizontal lines separate alerts from different sources, the thick
horizontal line separates the two seasons. The alerts from the 2012/2013 season
are discussed in detail in Sec. 8.1. Only the first group of alerts from the 2013/2014
season is discussed in Sec. 8.3 due to its particular development.
Table 8.1 gives an overview over all alerts sent by the NToO to date. The alerts from the
2012/2013 season will be discussed in detail. Only the alert for the first source from the currently
still ongoing 2013/2014 season is discussed in detail in Sec. 8.3 due to its particular development.
8.1. Alerts During the 2012/2013 Season
In total five (5) alerts have been generated by the NToO during the 2012/2013 season for four (4)
different sources.
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8.1.1. 20 August 2012
(a) (b)
Figure 8.1.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of the events contributing to
the online alert issued on 20 August 2012. The circles around the events in Fig. (a)
depict the individual estimated angular reconstruction uncertainties. The height
of the bars in Fig (b) corresponds to the event weights derived from the angular
reconstruction uncertainties (see Eq. 6.3). The weights are used to calculate the
weighted average direction of the events.
The first alert during the 2012/2013 IceCube season was generated on 20 August 2012 at 09:53
UTC, originating from the source GB6 B1310+4844 (located at θ = 138.49). The alert comprised
six events detected over a duration of 6.344 days resulting in a p-value of log10 pobs = −3.747
(see Eq. 6.1).1 The spatial distribution of the events in the on-source bin and the temporal
distribution of the weighted events are shown in Fig. 8.1. Due to a software bug this alert was not
forwarded to a partner experiment.
8.1.2. 13 September 2012
The second alert during the 2012/2013 IceCube season was sent on 13 September 2012 at 01:52
UTC, originating from the source 4C15.54 (located at θ = 105.85◦). The alert comprised two
events separated by 72 seconds resulting in a p-value of log10 pobs = −4.057. This doublet of
neutrino events was also detected by the Optical Follow-Up Program. Figure 8.2 shows the
spatial and temporal distribution of the two events. The alert was forwarded to the MAGIC
telescopes. However, as the MAGIC telescopes were in a commissioning phase, the alert could
not be followed up.
1In the following the term significance in the context of a single alert will be understood to be synonymous with
− log10 pobs.
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(a) (b)
Figure 8.2.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of the events contributing to
the online alert issued alert on 13 September 2012. See Fig. 8.1 for an explanation.
8.1.3. 9 November 2012
(a) (b)
Figure 8.3.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of the events contributing to
the online alert issued alert on 09 November 2012. See Fig. 8.1 for an explanation.
The third alert during the 2012/2013 IceCube season was generated on 9 November 2012 at 07:28
UTC originating from the source 1150+497 (located at θ = 139.5◦). The alert comprised six
events observed during 4.169 days. The p-value for this observation is log10 pobs = −4.637, the
highest alert significance of the alerts sent during the 2012/2013 season. The alert was forwarded
to the VERITAS telescope and resulted in a follow-up observation.
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Results of the Follow-Up Observation The VERITAS team received the alert from IceCube
on 9 November 2012 at 07:29 UTC. Poor weather and bright moonlight conditions did not allow
VERITAS observations until 12 November 2012, at which point the source was visible at low
elevations at the very end of the night. A further observation was made on the following night.
The total exposure time amounts to 71.15min. The observations were performed in “wobble”
mode, with the source located 0.5 degrees North or South from the center of the field of view. No
statistically significant evidence for gamma- ray emission is seen from the position of the blazar,
or from any location within the field of view, which subtends approximately 3 degrees (diameter)
around the targeted position. The integral upper limit (99% confidence) above 300GeV for an
assumed differential spectrum with a spectral index γ = −2.5 is 3.0 · 10−8 m−2 s−1 (see [VER]).
Maximum-Likelihood Offline Analysis In order to test the maximum-likelihood analysis
described in Sec. 7.1, the analysis was applied to the alert from 9 November 2012. The time-
window for the time-clustering algorithm was restricted to the 21 days before the last event that
contributed to the alert. The probability densities for the reconstructed energy of atmospheric
neutrinos and signal events for spectral indices ranging from γ = −4 to γ = −1 were generated
as described in Sec. 7.1. The highest test statistic value λ = 10.09 was obtained in the same
time window as for the binned online search (MJD 56236.1399 to 56240.3092). The number of
signal events is fitted as ns = 4.57, the best fit spectral index γ = −4 . The probability to obtain a
maximum test statistic value λ ≥ 10.09 in a lifetime of 306.67 days (see Fig. 7.8) for a source at a
declination of δ = 0.864 is p = 0.33 . The distribution of test statistic values λ for the scrambled
data sets is shown in Fig. 8.4, the test statistic value λ of this alert is marked by a vertical line. The
result obtained with the implemented unbinned maximum-likelihood method has been verified
with an independently developed code [Gor].
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Figure 8.4.: Distribution of the maximum test statistic value λ (see Eq. 7.6) obtained for scram-
bled data sets by running the unbinned maximum-likelihood time-clustering algo-
rithm over 306.67 days of lifetime. The value obtained in the offline analysis for the
alert issued on 11 November 2012 (λ = 10.09) is marked by the vertical red line.
Note that this distribution was generated for this single source, it does not take into
account the trial factor from the number of sources.
8.1.4. 26 and 29 April 2013
The last two alerts of the NToO in the 2012/2013 season originated from the source RGB
J0152+017 (located at θ = 91.77◦) and were generated on 26 April 2013 at 05:02, followed by a
second alert on 29 April 2013 at 06:36 UTC. The first alert was triggered by 8 neutrinos observed
over a period of 12.74 days and had a p-value of log10 pobs = −3.726. An additional event was
observed 3.06 days later, reducing the total p-value to log10 pnobs = −4.065 , which resulted in the
second alert from the same source. As the source RGB J0152+017 was not visible to any partner
experiment the alert was not forwarded. Figure 8.5 shows the spatial and temporal distribution of
the contributing events in the second alert from 29 April 2013.
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(a) (b)
Figure 8.5.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of the events contributing to
the online alert issued alert on 29 April 2013. See Fig. 8.1 for an explanation.
8.2. Significance of the Results
During the 2012/2013 season, the first complete season of operating the NToO, 5 alerts were
generated. Of these, only the alert issued on 09 November 2012 for the source 1150+497 was
followed up. The VERITAS observation did not result in the detection of an enhanced state of
γ-ray emission from the source.
In order to compare the number and the significance of the generated alerts to expectations,
Monte Carlo simulations were run. Artificial data sets were generated by randomizing the event
times and calculating new right ascensions according to Eq. 7.12. The time clustering algorithm
employed in the NToO was run over each data set and the number of alerts as well as the p-value of
the most significant alert were recorded. Figure 8.6 shows the distribution of the number of alerts
for 50000 scrambled realizations of the complete 2012/2013 dataset. From these simulations the
probability to generate more than 5 alerts is inferred to be 80.0% .
The probability to obtain an alert with a significance higher than the most significant cluster
observed in the data (log10 p = −4.637 for the alert from 9 November 2012) is estimated to be
35.2% (see Fig. 8.7) from the same simulation.
Neither the number of observed alerts nor the highest observed significance deviate strongly from
the Monte Carlo predictions for alerts caused by background fluctuations alone. Hence no claim
on the detection of an astrophysical neutrino flux can be made.
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Figure 8.6.: Probability density of the total number of alerts in scrambled maps of the data set
from the 2012/2013 season. From this PDF the probability to generate more than 5
alerts is inferred to be 80%.
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Figure 8.7.: Probability density of the p-value (− log10(pobs)) of the most significant alert from all
sources in scrambled maps of the 2012/2013 season. In 35.3% of all maps a more
significant cluster than observed in the data was caused by background fluctuations
in any of the monitored sources. The bin at − log10(pobs) = 0 corresponds to the
scrambled maps where no alert was generated (see Fig. 8.6).
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8.3. Alerts during the 2013/2014 season
The Online Level 2 filter and the neutrino event selection of the NToO during the 2013/2014
season are very similar to the cuts presented in this work. A comparison between the data at final
level (up to September 2013) and neutrino Monte Carlo can be found in Appendix C.
A series of four alerts was issued by the NToO from 12 September 2013 till 21 September 2013
for the source RGB 050+612. This sequence of alerts shows some interesting characteristics that
make it worth discussing here. The alert resulted in a follow-up observation by MAGIC, however
results are not available yet.
Table 8.1 lists the date, the total number of detected events, the expected number of background
events, the significance and the weighted direction of each of the four issued alerts. Figure 8.8(a)
shows the spatial distribution of the last alert of this series of alerts, Fig. 8.8(b) shows the temporal
distribution of the events.
(a) (b)
Figure 8.8.: Spatial (Fig. (a)) and temporal (Fig. (b)) distribution of the events contributing
to the online alert issued alert on 21 September 2013. The height of the bars in
Fig (b) corresponds to the event weights derived from event-by-event estimates of the
angular reconstruction. These weights are used to calculate the weighted average
direction of the events. The error ellipses are not shown in Fig. (a) to not overcrowd
the figure.
Most of the events that contributed to the alerts cluster around 1.2◦ away from the source position.
This poses a significant challenge for IACTs as their most sensitive field of view is only about
2◦ wide in diameter. Though the location of the weighted event average is also forwarded to
the partner telescopes, their limited experience e.g. the IceCube point spread function makes it
almost impossible for their observers to judge if it might be useful to target that point instead of
the monitored source. Hence it might be worthwhile to extend the NToO to foresee observations
of off-source neutrino clusters. This might be especially important for galactic sources, where
more than one source might be in the field of view. A much more general approach, however,
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would be an NToO-like program that covers the full sky without an explicit source list. It would
check for statistically significant clusters of neutrinos at any point in the sky and would thus be
able to help detect new phenomena in the high-energy γ regime.
The scenario of cluster of neutrinos being set of significantly from a monitored source could also
be caused by a systematic bias of the directional reconstruction. However, no such bias has been
found in any Monte Carlo study to date. Also the search for the shadow of the Earth’s moon on
galactic cosmic rays has shown no hints of any systematic pointing error of the detector or the
reconstruction software (see [IAA+13a] ).
8.4. Discussion of Uncertainties
8.4.1. Statistical Errors
The biggest source of statistical uncertainties is the error on the background rate of atmospheric
neutrinos dN/dt as a function of the zenith angle θ. During the 2012/2013 season the background
rate had to be estimated using data from the previous (2011/2012) season. Figure 8.9 shows the
ratio between the background rate used in the online p-value calculation and the background rate
derived from the full 2012/2013 data set. The figure shows that over a wide zenith angle range
the actual background rates have been underestimated by 5 − 10%.
Figure 8.9.: Ratio of the zenith dependent rate of atmospheric neutrino and muon events esti-
mated from 2011/2012 data versus 2012/2013 data. The rates estimated from the
earlier season have been used online in the 2012/2013 season.
Table 8.2 shows the differences in the alert significances caused by using the two different
background rate estimations. Alert significances have been systematically overestimated during
the 2012/2013 season with the exception of the alert from 4C 15.54. This alert is special, as
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its duration is only 72 seconds. Its significance is affected strongly by the error on the azimuth
asymmetry, which has also been estimated using data from the 2011/2012 season.
The actual statistical error on the background rate estimation itself is calculated as
√
N
N , where N
is the number of events in the zenith band. Due to the decreasing rate of atmospheric neutrinos
the error increases from 0.8% close to the horizon to 2% at the nadir. The statistical errors on the
background rates estimated from the 2011/2012 dataset (i.e. the rates that have been used in the
online significance calculations) are similar.
Source Zenith [◦] − log10 pobs online − log10 pobs offline
RGB J0152+017 91.77 3.726 3.711
RGB J0152+017 91.77 4.065 4.032
4C 15.54 105.85 4.057 4.189
GB6 B1310+4844 138.5 3.747 3.53
1150+497 139.5 4.637 4.468
Table 8.2.: Comparison of significance of alerts generated online in the 2012/2013 season to
significance calculated offline using a more accurate estimate of the background rate
of atmospheric neutrinos.
8.4.2. Systematic Errors
The discussion of systematic errors is based on the numbers given in [AAA+13a], which evaluates
the errors for the IceCube detector in its 79-string configuration. Due to the limited availability of
Monte Carlo data sets for systematic studies no dedicated studies of systematic uncertainties have
been undertaken for the work presented here.
A major strength of the point-source search methods presented in this work is the data-driven
background estimation. For the binned search the data is used to estimate the background rate
of atmospheric neutrinos, in the maximum-likelihood unbinned search randomized data is used
to calculate discovery potentials. Hence the final p-value is unaffected by uncertainties on the
flux of atmospheric neutrinos and muons originating from models of air shower development
(including the prompt neutrino component from charm decay) or the composition of cosmic rays.
Similarly, uncertainties on propagation of Cherenkov light in the ice and the detector simulation
do not affect the final p-value.
Light Propagation The two biggest sources of systematic errors are uncertainties on the
absolute DOM efficiency and the ice properties affecting the propagation of Cherenkov light. If
the absolute DOM sensitivity is varied conservatively by ±10% in the simulation the resulting
sensitivity changes by +6%/ − 7%. DOM-by-DOM variations of the quantum efficiency with
respect to the detector have a negligible effect. The same holds for uncertainties on the quantum
efficiency of the DOMs in the DeepCore subarray. Simultaneous scaling of the scattering and
absorption in the ice by ±10% resulted in observed changes in the sensitivity of +5%/ − 8%.
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Theoretical Uncertainties The uncertainties related to modelling of the neutrino interaction
and muon propagation are given by:
• Neutrino cross section: ±2% ,
• Muon propagation: ±3% ,
• Bedrock density uncertainty: ±3% .
The neutrino cross sections at the energies relevant for the work presented here have not been
measured directly. As the neutrino-nucleon scattering takes place in the deep-inelastic regime, the
cross sections can be calculated from the parton distribution functions. The neutrino Monte Carlo
in this work has been produced using cross sections based on the CTEQ5 structure functions. The
uncertainties with respect to the CTEQ6 structure functions are determined to be ±2% [Tun02].
Uncertainties in the parametrization of the muon energy losses in the ice result in a theoretical
uncertainty of about ±3% [CR04b]. The density of the bedrock below the antarctic glacier is not
well measured. A variation of ±10% of the standard value 2.65 g cm−3 results in a change of the
event rate of ±3%.
Uptime Estimation The calculation of the detector uptime is based on the run database, to
derive the run start and end times, and detector stability monitoring (see Sec. 6.5). It has been
observed that values in the run database can be missing or be modified slightly some time after
data taking. This is especially true for the run end times. If a run end time can not be found in
the database the current system assumes the start time of the next run to be also to approximate
end time of the previous run. This assumption holds true in general, however that have been
occasions where detector outages have been missed. A conservative estimate of the resulting
over-estimation of the uptime is +2%. This results in an error of −2% in the sensitivity.
Summary Summing in quadrature the different contributions to the systematic uncertainty
results in a total value of about 19%. This is in agreement with other, more detailed, studies,
e.g. [BA10]. This systematic uncertainty effects the sensitivities and discovery potentials pre-
sented in Sec. 6 and Sec. 7. The latter is additionally effected by systematic errors of the energy
reconstruction. In [BA10] this is determined to be ∼ 7.5% . This results in a total systematic
uncertainty on the discovery potentials for the maximum-likelihood based analysis of about 21%
for the assumed signal spectrum with Φ(E) ∼ E−2 .
Contributions from ντ The sensitivities and discovery potentials presented here have been
calculated assuming that the only neutrino component inducing muon tracks in the ice is νμ.
However, the branching ratio of a τ (induced by ντ interactions) into a μ is about 17%. As detailed
in Sec. 3.1 the flavor ratio at the Earth is 1 : 1 : 1 due to neutrino oscillations. This results in a
contribution of about 10 − 16% of the ντ to the detectable signal flux (see [AAA+11c]).
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9. Summary and Outlook
The goal of the Neutrino Triggered Target of Opportunity Program presented in this work is
to increase the availability of simultaneous neutrino and high-energy γ-observations for a set
of pre-defined sources. The program is based on a multi-step neutrino selection that is applied
online at the South Pole. An alert is sent to the partner telescopes MAGIC and VERITAS in case
a statistically significant cluster of neutrinos is observed from any of the monitored sources. If
the source would be found in an enhanced flux state by the IACT follow-up observation, the
combination of the neutrino observation and the high-energy γ-observation could help establish
the discovery of neutrino point sources. Furthermore, combining the two observations would
increase the potential insight in the physical processes in the source that lead to the flare.
To facilitate the NToO, several levels of online event selections were developed (see Chapter 5).
Based on the neutrino event selection a time-clustering algorithm has been implemented that
searches for statistically significant temporal clusters of neutrinos whose directions are compatible
within the typical reconstruction error with a monitored source. The event selection has been
optimised to achieve a good discovery probability for flare time scales ranging from ≤ 1 day to
21 days. For example, a source at the declination of Markarian 421 would need to exhibit a flux
of φ(E) = 0.7 · 10−7 GeV−1cm2s−1E−2 during a 10 day flare to be discovered with a probability
of 50% at a significance corresponding to 3σ (see Fig. 6.5).
Several technical problems needed to be solved before the NToO in its current form could be
established. The Online Level2 filter was developed in order to select high-quality muon tracks in
the full sky. While retaining almost all well-reconstructed neutrino-induced events it reduces the
data rate compared to the previous filter level by about an order of magnitude. Hence it enables
the application of more time consuming reconstruction methods on these events. Besides its
application in the online follow-up programs the Online Level2 filter also formed the basis of a fast
offline follow-up analysis of a GeV γ-ray flare of the Crab nebula detected in 2010 [AAA+12b].
In the future this filter will also be the basis for a fast offline analysis of GRBs in IceCube.
To ensure the validity of the alerts sent by the NToO an extensive monitoring system was developed.
Different trigger and filter rates where used to determine the detector stability on a very granular
level. This stability monitoring system has been proven to work very reliably. In order to monitor
the alert generation and forwarding components of the NToO a system using test alerts was
implemented. This system proved to be vital in the timely discovery of occasional technical
problems with the South Pole systems concerned with the NToO. The choice of Python (see [Fou])
as an implementation language enabled quick development and easy debugging. The overall
software architecture of several small systems interoperating by sending messages, was very
successful and runs reliably and stably since more than two years. Due to the quasi-independence
of the software components they can be upgraded independently.
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9 Summary and Outlook
The NToO is fully operational since March 2012 and monitors 109 sources in the northern sky
(δ > 0). During the IceCube season of 2012/2013 five alerts were generated for four different
sources. One of the alerts, issued on 9 November 2012 for the source 1150+497, was followed-up
by the VERITAS telescope. No significant TeV γ-ray flux was detected from the source and
an integral upper limit (99% confidence) above 300GeV for an assumed differential spectrum
with a spectral index γ = −2.5 could be set at 3.0 · 10−8 m−2 s−1 (see [VER]). The probability
to trigger five or more alerts from background fluctuations alone is determined to be 80%. The
smallest p-value of any alert was log10 p = −4.637 for the alert from November 9, 2012. The
probability to observe an alert from any of the monitored sources with this or a smaller p-value
caused by background fluctuations in the data set is 35.2%.
The NToO is the first realization of a real-time monitoring of likely sources of high-energy
neutrino emission in the IceCube experiment. As such the primary goals were to establish the
feasibility and prove that such a program can be run stably and reliably over long periods of time.
Therefore a simple event selection and search methodology (a time-clustering binned method)
were chosen, although more sensitive methods were available. It has been shown in Sec. 7.1 that
switching to a maximum-likelihood based time-clustering search lowers the flux needed for a
discovery by about 30 − 50%, depending on the declination of the source and the duration of
the flare. An improved event selection based on boosted decision trees promises to increase the
selection efficiency especially for lower-energy events (< 105 GeV). This in turn will improve
the sensitivity for softer spectra (γ < −2). It is planned to deploy the maximum-likelihood based
analysis and the boosted decision tree based event selection at the start of the 2014/2015 season.
In addition an extension of the program to the Southern sky (i.e. δ < 0) is planned. A point-source
search in that hemisphere is a regular part of IceCube point-source analyses. Several interesting
source candidates, like the galactic center, can be found in that region.
Currently the NToO monitors a list of pre-defined sources. In Sec. 8.3 an alert from the 2012/2014
season was discussed that observed a cluster of neutrinos significantly offset from the monitored
source. Due to the limited field of view this is hard to handle for current generation IACTs.
In general, however, it poses the question of extending the online neutrino point-source search
to a full-sky search without a source list. This search would then send alerts for significant
temporal clusters of neutrinos anywhere in the sky to partner telescopes. Besides a more complete
monitoring of known AGNs and other flaring sources, a program like this would have the chance
to discover completely new phenomena.
The program described in this work is a first step to the continuous real-time monitoring of the
full sky with neutrinos. It has been proven that an online analysis can be operated reliably and
efficiently. Several improvements to the analysis methods used in this program will enhance its
sensitivity significantly in the near future. The recent evidence for a diffuse flux of high-energy
neutrinos (see [Ice13]) nurtures the hope that the discovery of the first neutrino point source lies
not very far in the future.
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A. Comparison Data/MC of the 2012/2013
Data after the Online Level2 Filter
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Figure A.1.: Comparison of the data from the 2012/2013 season, atmospheric neutrino simu-
lation and air shower muons of variables used to selected neutrino events after
the Online Level 2 filter. The data at this level is still heavily dominated by mis-
reconstructed air shower muons.
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(a) Bayesian likelihood ratio close to the horizon
(θMPE < −0.2)
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Figure A.2.: Comparison of the data from the 2012/2013 season, atmospheric neutrino simu-
lation and air shower muons of variables used to selected neutrino events after
the Online Level 2 filter. The data at this level is still heavily dominated by mis-
reconstructed air shower muons.
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B. Properties of the Final Neutrino Sample
2011/2012
Angular Resolution
(a) (b)
Figure B.1.: Median angular resolutions for the final selected neutrino sample of the 2011/2012
season as a function of neutrino energy (Fig. (a)) and zenith angle (Fig. (b), assum-
ing a primary neutrino spectrum with Φ(E) ∼ E−2). The bars depict the 25th and
75th percentile of the resolution.
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Figure B.2.: Effective area of the final neutrino sample for the 2011/2012 season in different
declination bands as a function of primary neutrino energy.
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Cut Variables: Data/MC Comparison
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Figure B.3.: Comparison of data, atmospheric neutrino simulation and a simulated E−2 νμ-
signal flux for the 2011/2012 data set at the final cut level shown for the cut
variables used to arrive at this level.
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(θMPE < −0.2)
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Figure B.4.: Comparison of data, atmospheric neutrino simulation and a simulated E−2 νμ-
signal flux for the 2011/2012 data set at the final cut level shown for the cut
variables used to arrive at this level.
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C. Comparsion of Cut Variables for the
2013/14 Season on the Final Cut Level
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Figure C.1.: Comparison of the distribution of the cut variables used to arrive at the neutrino
level for the partial 2013/2014 dataset, atmospheric neutrino simulation and simu-
lated air show muons (Corsika).
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Figure C.2.: Comparison of the distribution of the cut variables used to arrive at the neutrino
level for the partial 2013/2014 dataset, atmospheric neutrino simulation and simu-
lated air show muons (Corsika).
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Figure C.3.: Comparison of the distribution of reconstructed zenith angle (cos θMPE) for the
partial 2013/2014 dataset, atmospheric neutrino simulation and simulated air
shower muons (Corsika).
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